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PREFACE 


A program of research and development in the field of 
frequency-modulated radar was initiat^ by BDV Laboratories 
in 1938 and, beginning in 1941# the program was greatly 
expanded# with support provided by the United States Navy 
through a series of contracts* Ibis program is believed 
to represent a considerable proportion of the total work 
that has so far been done on f-m radar. 

The present book was originally prepared as a final re- 
port to the Navy under contract NXsa- 35042. G3ncepts and 
practices in the field of frequency-modulated radar diger 
considerably from those in the better known field of pulse 
radar# so it is our hope that publication of this report 
as a book may usefully fill a real gap in the fast-growing 
literature of radar. 

The material here presented is intended to be complete 
enough to be of value to readers entirely unfamiliar with 
the specialized subject of f-m radar. In order to hold 
the presentation down to a reasonable length, however# it 
has been assumed throughout that the reader is thoroughly 
familiar with the normal techniques of radio engineering, 
and has some familiarity with pulse radar and with servo 
mechanisms. Special principles and circuits typical of f-m 
radar are discussed in detail even though, like cycle- rate 
counters and wave-shaping circuits, they^are also used in 
other fields. Some phases of the work have been described 
more fully in special reports submitted to the Navy from 
time to time; references to these are given in the text. 

An attempt has been made to use consistent, unambigous 
and readily recognizable notation throughout. Convenience 
has# however# dictated double use of some symbols where 
the context is such as to avoid confusion. For example# T 
represents a time interval in discussion of boidb kinematics 
or a temperature in discussion of noise or rocket firing. 
The notation used is listed at the end of each chapter; 
double use of any symbol is indicated in these lists. 

Production equipment described herein was all based 
on engineering prototypes developed by RCA Laboratories. 

V. 
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PREFACE 


Design of the *AN/APN-1 and AN/APG^^ systems for production 
was done by engineers of the RCA Victor Division of the 
Radio Corporation of America^ under separate contract. 
Production design of the AN/APG^17 equipment was done by 
the Admiral Gorporationi which also worked on a production 
design of AN/APG-6* The stabilizing equipment used with 
AN/APCr6 was developed by the C L. Norden Co., Inc. Cali- 
brating devices were developed and produced both by the RCA 
Victor Division and by the Raytheon Manufacturing Company. 

Many persons within the Bureau of Aeronautics and the 
Bureau of Ships of the U. S. Navy contributed to the setting 
up of operational requirements which guided the entire 
development program, and assisted in the inplementation of 
that program. Extensive flight testing of each equipment, 
both during and after development, was made possible by the 
cooperation of a number of naval activities. Ihe bulk of 
such field work was handled through U. S. Naval Air Material 
Center,. Philadelphia, Pa., Naval Aircraft Modification Unit, 
Johnsville, Pa., and Naval Air Experiment Station, Patuxent 
River, Md. Several other activities also took part in 
various special tests. 

The work of a rather large number of the members of the 
staff of RCA Laboratories, under the general guidance of 
Dr. Irving Wolff, has provided the information presented. 
It is quite impracticable to apportion fairly the credit 
for individual contributions, and no attenq)t will be made 
to do so. Mention must be made, however, of the importance 
of the ingenuity and initiative of Mr. Royden C. Sanders, 
Jr. , to the formative stages of the f-m radar program. 

The writer wishes to acknowledge his especial indebted- 
ness to Dr. Irving Wolff and Mr. C. C. Martinelli, both of 
whom have kindly reviewed the entire manuscript of this 
report, for much stimulating discussion and many helpful 
suggestions. Mr. Martinelli prepared material here pre- 
sented on the AN/APG-6(XN), AN/APG-17, and AN/SPN-2(XN) 
equipments. 


RCA. Iaboi 


DAVID G. C. LDCK 
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PART ONE 


PRINCIPLES AND TECHNIQUES 




CHAPTER I. 


iINTRODaCTION 

1 . Hi stor ical Sketch 

Echo sounding witk electromagnetic waves, now known 
ms radar, was first used at the end of 1924 for the pur- 
jpose of proving the existence of a conducting layer of 
ionized gas in the upper atmosphere.^* Success in echo 
jounding requires that the returning echo be distinguish- 
aUe from ttlie signal originally sent out. Breit and Tuve^ 
im the United States sent out a series of short bursts or 
pulses of radio signal, receiving delayed echos in the 
silent intervals between transmitted pulses. Ibis was 
pulse radar. Appleton and Barnett^ in England varied the 
frequency of their transmitted signal, so that the delayed 
echo received at any instant had a frequency different 
from that of the signal being transmitted at the same 
instant. Ibis was frequency-modulated radar. Either 
method allows one to measure time lag between transmission 
of a signal and return of its echo and so, the velocity of 
signal propagaticMi being knovm, to determine the distance 
to the reflecting object that causes the echo. 

Frequency -modulated radar has been reinvented several 
times, usually with a view to its application for the 
measurement of altitude of aircraft.^* Its importance 
became apparent when an altimeter of this sort^ came into 
very wide use in military aircraft. Frequency -modulated 
altimeters were in fact used by all major combatants in 
World War II. The total effort so far applied to f-m 
radar development has however been very small, as compared 
to the treaiendous concentration of technical effort which 
resulted in spectacularly rapid development of pulse radar 
for many military uses. 


• 4 list of r«f«r«ne«s is glTSii in ths final *ssetisn 

of sash shapisr. 
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4 FREQUENCY MODULATED RADAR Chap. 1. 
2. Special Characteristics 

Frequency-modulated radar both transmits and receives 
signals simultaneously and in most cases continuously. 
Since this prevents the time-division antenna duplexing 
used in pulse radar, separate transmitting and receiving 
antennas have been customary. This separation of trans- 
mission and reception makes feasible the measurement of 
ranges as short as a few feet. 

liseful output of the radio equipment is in the form of 
a beat note between transmitted and received signals, the 
frequency of the beat depending on range and speed of the 
reflecting object or target. When several targets are 
present, the resulting complex beat must be examined with 
a wave analyzer in order to observe their respective 
ranges. Because of the finite transient- response time of 
selective circuits, this is inherently a somewhat slow 
process. 

Target speed has a strong effect on the beat frequency 
produced. This makes frequency-modulated radar especially 
suitable for applications requiring measurement of both 
distance and speed. It also offers advantage in cases 
where moving targets must be distinguished from stationary 
ones. 

Where a single reflecting object is predominantly 
responsible for the echo signal received, the beat-note 
output may be utilized by remarkably simple means to per- 
form autonfatic control functions, in accordance with target 
distance and speed together or either quantity alone. 
Altitude of aircraft in level flight has been successfully 
controlled in this way, as has release of missiles. 

Signal -to-noise ratio and therefore maximum range is 
of the same order for frequency-modulated and pulse radar 
systems of equal average power and time of response, but 
the f-m system has the advantage of not being required to 
handle large peak power. Range resolution and ability to 
determine small increments is roughly the same in both 
systems for the same radio- frequency bandwidth. Because 
it has facilitated the practical use of very wide frequency 
bands, f-m radar has had the advantage in range resolution 
also. 



Sec. 3. 4 INTRODUCTION 5 

3. Uses 

Radar of the frequency-modulated type has so far been 
used predominantly in cases in which only one important 
reflecting object is illuminated by the transmitted signal. 
The major use has been for aircraft altimeters, with the 
reflection occurring at the surface of the ground. 

Bombing from low altitudes has been found to present a 
type of kinematical problem to which f-m radar is well 
adapted to give a fully automatic solution. Isolated 
vessels on the surface of open water represent single tar- 
gets against which very accurate results have been secured 
in this way. ^k)st special systems so far proposed or built 
have been intended to solve various aspects of the problem 
of attack against surface vessels by aircraft. Use against 
aircraft has also been proposed. Operation has been mainly 
at radio frequencies near 450, 1500 and 4000 megacycles 
per second. 

One search system using a spectrum analyzer has been 
tested against multiple targets. The possibilities of f-m 
search radar have also been studied to some extent in 
Fngl and. 
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PRINCIPLES OF OPERATION 

1. DETERMINATI(»^ OF DISTANCE 

a. DxBtance os a Time Delay. Hie relation between 
target distance and time delay is basic for all radar rang- 
ing. If a disturbance propagated at a constant speed c 
travels to a target at distance or range H and an echo 
returns, the echo will be received a time r after trans- 
mission of the signal, where 

r = 2R/c. (II-l) 

Hie speed of electromagnetic-wave propagation in nonaal 
sea-level air is 299.69 megameters per second or 983-24 
feet per microsecond, and this value should be used for c 
in any numerical calculations. 

b. Effect of Time Delay on a Signal of Variablo 
Frequency. Let a radio signal be transmitted at a fre- 
quency F increasing uniformly with time, as indicated by 
the full-line graph of Fig. II. -1. Hie slope of this 
line is the rate of change of frequency with time dF/dt or, 
for brevity, the frequency rate F. If a portion of this 
signal is reflected by a stationary target and returns to 
the transmission point after a time delay r, the received 
frequency will vary as shown by the dashed-line graph 
of Fig. II-l. 

A signal transmitted at any time t^ with frequency f 
will be received after reflection at time still witti 

frequency F^. But the signal being transmitted at time 
t^+T will have a new frequency F^ where, as is evident 
from the figure, 

+ (II. 2) 

A frequency diiTerence fr therefore appears between sig- 
nal transmitted and signal simultaneously received after 
reflection from a stationary target. 

6 
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Fig. II. -1. Effect of tiae delay on signal 
with uniforaly varying frequency. 

c. Range Frequency The frequency change from 

F^ to Fj does not depend on or F^ . Therefore a beat 
note formed by the receiving equipment between the trans- 
mitted signal of uniformly varying frequency and the 
returned echo with fixed delay will have a constant fre- 
quency. Since this beat frequency depends, through time 
delay r, on the range jR of the reflecting target, it will 
hereafter be referred to as range frequency and, from 
equations (II. 1) and (II. 2) is given by 

4= (2/c)FR. (II.3) 

2. Determination of speed 

a. Doppler Effect of Moving Transmitter. Electro- 
magnetic waves emitted from an antenna in empty space 
move outward in all directions from that antenna with 
speed c, independently of any motion of the antenna. If 
a stationary antenna oscillates electrically at a fre- 
quency F or period i/F, the disturbance radiated at the 
peak of one oscillation will move outward a distance c/F 
by the time the peak of the next oscillation is radiated. 
Fig. II. -2(a) illustrates this well known action, wl\ich 
gives rise to radiated waves of length 

c/F. (II. 4) 

Now consider an antenna moving with speed S. Waves 
emitted in th^ direction of the motion will move away a 
distance c/F during one oscillation period, but in the same 
time the antenna will move a distance S/F in the same 
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Fig. II. -2. Doppler effect of noving tronsBi tter . 
direction. This tendency of the antenna to catch up on 
the emitted radiation results in compression of the emitted 
waves to a net length 

V= (II. 5) 

as illustrated in Fig. II. -2(b). Radiation emitted in the 
opp>osite direction of course has its waves stretched rather 
than compressed. Dependence of radiated wave length on 
motion of the wave source is called Doppler effect, in 
honor of its discoverer. 

b. Doppler Effect of Moving Receiver. An electro- 
magnetic disturbance of wave length k passing a stationary 
receiving antenna at speed c induces in the antenna an 
electromotive force which completes one cycle of variation 
in th« time X/ c required for one wave to pass. Tlie fre- 
quency of the induced e.m.f. is therefore 

F = c/k. (II. 6) 

If the receiving antenna is moving directly into the 
arriving disturbance with a speed S, each wave will pass 
in the decreased time X/( c +S) and the induced e.m.f. will 
therefore have its frequency increased to 

F'= {c+5)A. (II.7) 

Q>nverse]y, the frequency induced in an antenna moving 
away from the source of waves is decreased. 

Dependence of q>parent frequency of a wave on the speed 
of the observer is also a Doppler effect. Standard homely 
examples of the two effects, due respectively to motion of 
source and observer, are the change in pitch of a loco- 
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motive whistle heard by a bystander at a railroad crossing 
as the locomotive passes him, and the change in pitch of 
the crossing bell heard by a train passenger as he passes 
the crossing. 


c. Doppler Effect for Radar. A radar transmitter 
carried by an airplane flying at speed 6' toward a sta- 
tionary target and operating at frequency F sends toward 
the target waves of reduced length [see equation (II. 5)] i 
and the target reflects these waves back toward the air- 
plane without change of wave length. The airplane’s radar 
receiving antenna, moving into the reflected signal of 
wave length k* , has induced in it an e.m. f. with frequency 
increased according to equation (II. 7). 

Cx)mbining equations (II. 5) and (11,7), the received 
frequency is 

f " = f ( c + S)/( c-5) . (II. 8) 

This is equivalent to 


F" = 




2S 


2S^ 1 

c(c-S) J 


F, 


(II*8a) 


as may be seen by clearing fractions in (II. 8a). Since the 
fastest projectile now used, the V-2 rocket, travels at a 
speed which is only 1/200,000 of c, a practically perfect 
approximation to the received frequency f" is always given 
by 


F" = f + (2/c)SF. (IL9) 


If the transmitter and receiver are stationary but 
the reflecting target moves toward them at speed S, the 
target has induced in it an electromotive force of in- 
creased frequency and re- radiates toward the receiver at 
reduced wave length. But successive use of equations 
(11.4,7,5 and 6) again gives exactly the result (II. 8). 
In other words, it makes no difference whether radar, 
target, or both are moving: only their relative speed 
along the line joining them counts.* 


• The above reasoning la o veralnpl 1 fl ad, aa relativity theory 
la required to give a really adequate explanation of Doppler 
effeet on el ee tron ague tl c vavea. However, the final result of 
equation (II.8>ls exactly correct and the alupl 1 fl ed phy al c al 
picture la very a t ral gh t- fo rward and eaally graaped. 
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Fig. II. -3 shows the effect of relative target motion on 
a reflected signal with sweeping fretyicacy. As in Fig. II. -1, 
the full and dashed lines represent respectively trans- 
mitted signal and signal received from a stationary target. 
The dotted-line graph represents the variation of frequency 
with time of a signal received after reflection from a mov- 
ing target (the effect of target motion is shown greatly 
exaggerated). A signal transmitted at time with a fre- 
quency returns at time with a frequency while 



Fig. II. -Sk Effect of target aotioa. 
th« frequency of transmission at time is and the 

diilerence between frequencies simultaneously tra!ismitted 
amd received is 

d. Speed Frequency /g. From (II. 1), (II. 2) and 
(II.9), the beat-note frequency f resulting from combina- 
tion at tine \ of transmitted signal and signal reflected 
from a moving target, having frequencies and f" respec- 
tively, is 

/ = (2/c)fK-(2/c)Fj5. (II. 10) 

The first tern of this expression is just the range fre- 
quency discussed earlier. The second term depends on 
relative target speed only and not m range; it will here- 
after be referred to as speed frequency f , so that 

f^ = {2/c)F5. (II. 11) 

This is, of course, simply the Dtqipler frequency shift. 



3 PRINCIPLES^QW QPERAnOll H 

3 . ALTERNATEVE P ICTDRES 

Quasi^teady State. Finsquency rates used iif 
Dost f-n radar are such that the emitted frequency chants* 
at most a small fraction (0.01) of one per cent in the 
time taken for a signal to travel from transmitter to 
target and back to receiver. Lnder these conditions it 
is permissible to consider that the fields between radar 
and target behave at each instant essentially as^ if the 
transmitter haid been radiating the same frequency for a 
considerable time, and to say that a^ quasi -steady state 
exists. This permits us to imagine the electromagnetic 
waves emanating directly from the radan and those radiating 
fromi a ceflecting object as combining at any instant 
to give ar stationary pattern of wave amplitude in the 
region around the reflecting object. Such, a condition leads 
to aan alternative concept of f-m radhr operation that 
IS particularly convenient fon study of certain special 
properties. 

It is the existence oii a> epuasi-steady condition that 
permitted use of the simple viewpoint of Fig. II. -I* So 
long as the change in instantaneous frequency duifing each 
radio- frequency cycle- is suifficientjy alight, it is peir* 
missible to regard a &eqneney -modulated signal as having 
a single but slowly varyinLg freqiuency. In the case of 
more drastic modulatioiii^ this pictutre must be used only 
with extreme care; it mmy then be more appropriate to re- 
gard the signal instead as a group of constant-frecpieiicy 
Fourier components*. ]t is fortumate for ease of under- 
standing that f-m radar operation is usually of the quasi- 
steady type. 

b. Standing* Imre Pattern. Along the line joining 
transmitter and reflector, waves approaching the reflector 
will be so related in phase to waves leaving it as to give 
a maximum resultant amplitude once in each half wave length 
qf distance from the reflector. Similarly, there will be 
one minimum of resultant amplitude per half wave length, 
as indicated in Fig. II. -4. In range R there will be 
R/{%^) complete standing-wave amplitude cycles. From the 
relation (II. 4) between wave length A, frequency F and 
propagation velocity c, the number N of standing-wave 
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cycles in range R is seen to be 

N = (2/c)RF. (11.12) 

c. V^ector Representation. Still another picture 
may be 'obtained if signal voltages in the radar receiver 
are represented by rotating vectors, as is often done in 
describing behavior of electrical circuits. Let the sig- 
nal reaching the receiver directly from the transmitter 
be taken as a reference. This signal will then be repre- 
sented, as in Fig. II. -4, by a vector always of unit 
length and always directed horizontally to the right. Tlie 
signal returned by the target will be represented by a 
vector e , of length and direction corresponding to echo- 
signal amplitude and phase relative to . Resultant 
signal in the receiver is represented by a vector , the 
sum of e^ and e^. All vector configurations are considered 
to be observed from a reference frame which rotates clock- 
wise at the frequency of the reference signal. 

Suppose the direct and target -reflected signals at the 
receiver to be in exactly opposite phase for zero target 
range, as they would be at the surface of a perfectly 
reflecting target. Let both signals reach the receiver 
from the transmitter, for zero range, by paths of exactly 
equal length. Then e^ will lag e^ in phase at any particu- 
lar instant, for any target range R, by an angle 0. Phase 
lag ^ will be just tt radians or 180 degrees more than the 
angle through which the observer's reference frame has 
turned during a time interval 2R/c immediately preceding 
the instant in question. For a quasi-steady condition, 
yp will be 277 (/V+/^) radians or 360(/V+K) degrees, where N 
is the number of standing waves given by equation (11.12). 

d. Effect of Changes. As the transmitted frequency 
is slowly increased, more and more standing-wave amplitude 
cycles must appear within a fixed range H between radar 
and target. For each full wave added to the standing 
pattern, a fixed receiver near the transmitter will find 
one cycle of amplitude modulation of the total received 
signal. Hiis behavior may be thought of as a defoimation 
of the standing-wave pattern, with new waves entering 
the pattern at the transmitter as indicated in Fig. II. -4. 
The corresponding relative rotation of the reflected-signal 
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vector is also shown in the figure. Ihus, as the nunJi>er 
N of standing waves alters, the total received signal will 
undergo an anplitude modulation of frequency dN/dt. From 
equation (11.12), v^/dt for constant range is seen to be 

(Af)^=(2/c)flF = /^. (11.13) 

Hiis is exactly the range frequency (II. 3) found in a 
different way in section Ic above. Rate of change with 
frequency of relative phase \p is evidently proportional 
to range. 



Fig. II. *4. Standing- wave patterns and vector 
diagram for signal of varying frequency. 

For a fixed radio frequency, the standing-wave pattern 
is fixed in space with respect to the reflecting object or 
target. Therefore, if transmitter and receiver move toward 
the target, one cycle of amplitude modulation of the re- 
sultant received signal (one full rotation of vector 
relative to e^) occurs for each wave of the standing pattern 
traversed— that is, for each half wave length moved. The 
frequency of the received amplitude modulation dN/dt is, 
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for constant radio frequency, 

(^),= [2/c)i(F. (11.14) 

This is of exactly the same magnitude as the speed fre- 
quency /g (Hall) found in section 2d above (since range 
decreases during approach, closing speed aS is just the 
negative of rate of change of range » Rate of change of 
relative phase \p with range is evidently proportional to 
frequency.. 

If both range and frequency vary, differentiation of 
equation (11.12) shows that the total frequency of the 
received amplitude modulation, due both to expansion or 
contraction of the standing-wave pattern and to motion of 
the radar through the pattern, is 

N = (2/c)fR + {2/c)FR-fj^~ fs' (11.15) 

• • 

Rate of change of signal phase, 0, is of course just 2'^N 

radians per second. 

e. Equivalent Viewpoints. Behavior of a standing- 
wave pattern thu§ provides for quasi-steady conditions an 
alternative to the time-lag and Doppler-effect explanation 
of the beat note produced by f-m radar. Still another 
explanation may be given in terms of electrical vectors. 
Each physical picture is quite correct and the choice among 
the three methods of explanation is simply a matter of 
suitability to a particular problem or of preference, since 
they are substantially equivalent. 

One property of the combined direct and reflected radar 
signals is hidden in the simple standing-wave envelope 
picture. The resultant signal actually varies in phase 
as well as in amplitude when either the radar moves with 
respect to the target or the transmitted frequency varies; 
This phase variation rather than the amplitude variation 
might in principle be used to measure range and speed. 

For practical reasons, it has proved desirable in actual 
f-m radar systems to minimize space transmission directly 
to the receiving antenna. Instead of such transmission, 
a controllable coupling from transmitter to receiver is 
provided within the equipment. The essential features 
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of the variation of receiver output are, nevertheless, 
still given correctly by the simple standing- wave picture, 
which may therefore be retained wherever convenient. 
The vector picture is more complete, since it can allow 
for any kind of direct- signal coupling and displays 
phase as well as amplitude variations of the resultant 
signal. 

4. Periodic Frequency modulation 

a. Need for Periodicity* Only the simplest type 
of frequency modulation, a continuous uniform variation 
of frequency, has been used above as the basis for deriving 
the characteristic properties [eq. (II. 10) or (11.15)] of 
f-m radar. The results show that with such modulation 
it is not convenient to determine separately range and 
closing speed from the beat-note frequency of the radar 
output. Also, it is rather impractical to vary the trans- 
mitted frequency uniformly in one direction for any very 
long time. To meet these practical objections without 
unduly complicating beat-note properties, it is necessary 
to use a periodic variation of the transmitted frequency. 

b. Triangular Modulation* A particul arly simple 
form of periodic frequency variation has proved to be 
especially useful as well. In this type of modulation, 
the magnitude of the rate of change of frequency remains 
constant but the direction of the change is periodically 
reversed. The frequency alternately increases and de- 
creases uniformly for equal periods of time. Fig. II. -5(a) 
illustrates the variation of frequency rate P' with time 
for such modulation, while the sol id- line graph of Fig. 
II.*5(b) represents the time variation of transmitted 
radio frequency F* This will be referred to hereafter as 
triangular or symmetrical -sawtooth frequency modulation. 

Limited study of the frequency spectrum or side-band 
pattern of a signal modulated in this way, as determined 
by Fourier analysis, has not revealed any strikingly 
interesting properties. Therefore, no such analysis will 
be presented here. It seems much more productive to regard 
the f-m radar signal as substantially a pure or single- 
frequency sine wave, subject to a relatively slow altera- 
tion of frequency. 
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c. Reflection from Stationary Target. The broken- 
line graph of Fig. II. -5(b) represents the frequency of 
the signal received after reflection from a stationary dis- 
tant object. Time variation of the beat-note frequency / 
is given by the difference in ordinates between the solid 
(transmitted frequency) and broken (received frequency) 
curves^ which is in turn plotted directly in Fig. II. -5(c). 
Except for brief departures following the instants of 
reversal of the transmitter frequency rate F, which may 
be called the turn-around pcnnts of the modulation cycle, 
the beat note is constantly at the range frequency f^ de- 
fined in section Ic above. 



Fig. II. -5* Frequencies and wave ferns in f-n radar. 

d. Output Wave Form. The actual wave form typical 
of beat-note voltages produced by stationary targets is 
shown by Fig. II. -5(d). The fact that such an output wave 
must be produced is easily recognized by consideration of 
the standing-wave pattern. Rectified receiver- output 
voltage measures the resultant amplitude of the combined 
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transmitted and reflected signals, and its variations 
represent a partial profile of the sinusoidal standing-wave 
pattern formed in space by combination of these signals* 

As the transmitted frequency increases, the number of 
standing waves between radar and target increases, so that 
the standing- wave pattern slides past the receiver toward 
the target. The receiver output varies to delineate the 
profile of the waves and fractions of waves of amplitude 
variation that pass over it. Similarly, when the trans- 
mitted frequency decreases, the standing-wave pattern 
reverses its motion and slides past the receiver away from 
the target. The receiver output again shows the form of 
the standing amplitude* waves that pass over it. 

At modulation turn around, the position of the receiver 
in the standing-wave pattern does not change but the motion 
of the pattern reverses. At each turn-around point the 
receiver output voltage therefore does not change but the 
direction of its variation reverses. This gives rise to 
the peculiar output wave of Fig. II. -5(d), in which the 
wave form during each half cycle of the frequency modula- 
tion is the mirror image of that for the adjacent half 
cycles. This type of output, vdiich is substantially a sine 
wave of constant frequency during each half cycle of 
modulation but suffers a rapid and perhaps large phase 
change at the end of each such half cycle, is a striking 
characteristic of f-m radar in many conditions of use. 
The magnitude of the phase change depends on the particular 
phase of the standing wave at which the receiver happens 
to be located at the instant of modulation turn around. 
From the point of view of transmission time and beat-note 
formation, the phase change results from the fact, easily 
seen in Fig. II. -5(b), that at turn around transmitted and 
received frequencies change places. That is, at turn 
around the sign of the frequency difference changes. 

Variation of resul tant- signal amplitude according to 
Fig. II. -5(d) is also easily explained in terms of the vec- 
tor diagrams of Fig. II. -4. Periodic frequency modulation 
of the transnjitted signal results in periodic variation of 
phase lagv// of the target-reflected signal component at the 
receiver, relative to the component arriving directly from 
the transmitter. This periodic component-phase variation 
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results in cyclical modulation of both amplitude and phase 
of the resultant signal, at one cycle per complete phase 
rotation. Component -phase lag varies linearly with both 
transmitted- signal frequency and target range, as indicated 
by equation (11.12). Total sweep of variation of 0 depends 
upon range and total change of transmitted frequency in 
modulation, while the general region of phase variation 
depends upon range and mean transmitted frequency. 

Phase jumps of resultant-signal amplitude variation at 
modulation turn around are not to be confused with the 
smooth variation of radio- frequency echo-signal phase \p. 
The slope discontinuities of Fig. II. -5(d) represent 
reversals of the sense of relative-phase rotation of the 
echo-signal vector . 

The range-beat signal of Fig. II. -5(d) is obviously 
periodic at modulation frequency /, , so long as the target 
is absolutely stationary and the frequency modulation of 
the radar is truly periodic. Thanks to the phase jumps at 
turn around, this is so even when the range-beat frequency 
fg is not commensurable with /, . Fourier analysis of any 
stationary- target beat can therefore yield only components 
at exact harmonics of the modulation frequency, whatever 
the target range or (periodic) modulation form, so has not 
been found particularly useful. 

e. Reflection from Moving Target. Fig. II. -5(e) 
shows, by its broken-line graph, the frequency of the 
signal received from a target moving at moderate speed, 
with the transmitted- frequency variation again indicated 
by the full -line graph. Time variation of the instanta- 
neous frequency of the beat note resulting from mixing the 
transmitted and received signals is shown by Fig. II. -5(f), 
with the speed- frequency and range- frequency components 
indicated. The output wave form, shown as Fig. II. -5(g), 
differs from that for a stationary target only in the 
appearance of two distinct beat frequencies on alternate 
half cycles of the modulation. This difference usually 
results in turn around occurring at different phases of a 
beat-note cycle on each successive modulation cycle, so 
that the beat-note output is not in general simply periodic 
when the target is moving. 
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heflection from a sufficiently rapidly moving target (or 
transmission of a sufficiently slowly varying frequency) 
produces the received- frequency variation shown by the 
broken-line curve of Fig. II. -5(h), with a beat-note 
frequency varying as shown in Fig. II.-5(i). ITie condition 
of Figs. II. -5(h) and (i) corresponds to a speed fre- 
quency greater than the range frequency, while that of 
Figs. II. -5(e) and ( f) corresponds to range frequency 
greater than speed frequency. Either condition of operation 
is entirely acceptable, provided minimum and maximum ranges 
and speeds at which operation is required have suitable 
values. It is important, however, that the condition under 
which operation actually occurs be definitely known at all 
times and that the system be used in accordance with such 
knowledge. Fig. II.-5(j) shows the beat-note wave form 
resulting from high-speed operation. Ihe output-voltage 
phase jumps at turn around are absent in this case, since 
the receiver always moves in one direction through the 
standing-wave pattern and only its speed relative to the 
wave pattern changes at modulation turn around. 

f. Upsweep and Downsweep Frequencies, For sym- 
metrical-sawtooth frequency modulation, frequency rate has 
always the same magnitude F but is positive on the upsweep 
of the modulation, when frequency transmitted is increasing, 
and negative on the downsweep, when frequency is decreasing. 
Reversals of sign of beat frequency, corresponding to 
reversals of sign of F, represent merely phase jumps in the 
beat-note signal at the turn-around points or frequency 
limits of the modulation cycle. Therefore only the 
absolute magnitude of the beat frequency need be con- 
sidered without regard to its sign. 

Equation (II. 10) of section 2 above gives the beat 
frequency correctly, no matter whether F is increasing or 
decreasing or whether range frequency exceeds speed 
frequency [case of Figs. II. -5(e), (f), and (g)].or 
speed frequency exceeds range frequency [case of Figs. 
II -5(h), (i), and (j)]. The magnitude |/| of the beat 
frequency is always 

\f\ =\2/ch -2/cFS\ (II. 10a) 

for a transmitted radio frequency F varying at a rate A 
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Durinp the upsweep of the triangular modulation, the 
frequency rate is + |f| and the beat has the upsweep 
frequency given by 

I ( 2/0 ( 9/c)FS\ - (IT. 16) 

During the down sweep of the modulation cycle, the frequency 
rate is - \f\ and the beat has the downsweep frequency f^ 
given by 

\^{2/c)\F\R " {2 /c)FS\ (TT. ]7) 

= (^/c)|f!/?+ (2/c)FS-- +4,. 

If it is known from the conditions of operation that 
range frequency must exceed speed frequency, then 

4 l/J + l/J). (11-18) 

and 

/." ). (li-19) 

If it is known that speed frequency must exceed range 
frequency, then these expressions for f^ and are simply 
interchanged. In general, f-m radar equipment has been 
designed to operate with range frequency definitely greater 
than speed frequency. Given such definite knowledge of type 
of operation, the two beat-note frequencies produced by 
continuous- wave radar with symmetrical -sawtooth frequency 
modulation determine separately both range and closing 
speed between the radar and any single target. 

g. Radar Range Sensitivity. Range beat-note fre- 
quency developed per unit range, may be called the 

range sensitivity of a frequency- modulated radar. From 
equation (II. 3), 

(2/c)|F|. (11.20) 

If the transmitted frequency is swept uniformly back and 
forth between limits F^ and F^ defining a frequency band 
of width W', with a modulation period t^ or modulation 
frequency /^, as illustrated by Fig. II. -6, the magnitude 
of the rate of change of frequency is always 

|Fl (11.21) 

The radar range frequency with triangular frequency 
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modulation is therefore 

fj, = iVc)Wf^R, ( 11 . 22 ) 

and the radar range sensitivity 

(4/c)H'/,. (II. 22a) 

With H* in megacycles per second, in cycles per second 
and in cycles per second per foot, 

/245.S. {II. 22b) 



Fig. II.* 6* Frequency aodulation wore fora. 

It is an importmit property of this type of radar that 
the range sensitivity does not depend on transmitted 
frequency nor, separately, upon the frequetcy deviation or 
repetition frequency of the modulation. Range-beat 
frequency per unit of range depends only on the product 
of the width of frequency band swept and frequency of 
sweep repetition, which has sometimes been called the 
Modulation product of the transmission. Radar range 
sensitivity may conveniently be controlled by adjustment of 
either the band swept or the sweep- repetition frequency. 

h. Radar Speed Sensitivity. Speed beat-note fre- 
quency developed per unit speed, fg/S, may be called the 
speed sensitivity of a continuous-wave radar. From 
equation (II. 11), 

kg=(2/c)F. (11.23) 

Speed sensitivity varies over the frequency-modulation 
cycle, because radio frequency F varies. But in practice 
F varies only slightly, at most a few per cent, from F , 
the average over the modulation cycle of the transmitted 
frequency; F^ may be* considered the carrier frequency of 
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the transmission. Sensitivity variations are correspond* 
ingly small, so the radar speed sensitivity is for all 
practical purposes 

(II. 23a) 

which is its average value. 

If F is in megacycles per second and in cycles per 
second per foot per second, 

*8 (II. 23b) 

One statute mile per hour is the same speed as 1,467 ft., 
per sec., and one nautical mile per hour or knot as 
1.689 ft. per sec., so the numerical factor in the denom- 
inator of (II. 23b) becomes 335.2 to give sensitivity in 
cycles per second per mile per hour, or 291.1 for cycles 
per second per knot. 

It is an important property of radar speed measurement 
that the speed sensitivity does not depcmd to any signifi- 
cant extent on the modulation used, but only on the radio 
carrier frequency. Since frequency allocations and 
apparatus dimensions prevent any major adjustment of 
carrier frequency, speed sensitivity is practically a fixed 
characteristic of any given radar equipment. 

i. Other Types of Modalotion. Of course, many other 
forms of frequency modulation than the symmetrical saw- 
tooth are possible. The latter has been discussed at 
length because it has been extensively developed and was 
used in almost all of the equipments to be described in 
later chapters. 

l^nsymmetrical sawtooth modulation may be used in 
special cases to make upsweep and downsweep beat fre- 
quencies equal despite the existence of target motion, by 
suitable control of |F|, as has been done in one equipment. 
In the limit, with uniform frequency variation from F- 
to F^ followed by an abrupt return to F^, unsymmetricai 
sawtooth modulation does not readily permit separation of 
range and speed data, so is useful only against stationary 
targets. 

When the transmitted frequency is changed from F to 
Fj^, the number of standing waves between the radar and a 
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stationary target will change from W to N and 

X 2 

Ayv=/Vj -N^ ={Z^e){F^ -F^)R. (11.24) 

This is equal to the number of cycles of variation of 
received output produced, so long as the frequ^cy proceeds 
from to without reversals, and is seen to be inde- 
pendent of the exact way in which the frequency changes. 
If, therefore, the transmitted frequency is varied from a 
given value to another given value in a given time 
% t ^ the average beat frequency of the receiver output due 
to range only will be 

4=(Vc)(f, (11.25) 

whatever (within reason) the wave form of tl\e modulation. 
These relations are, of course, modihed if the target is 
moving. 

Sinusoidal frequency modulation is simple to produce but 
does not lend itself readily to separation of speed and 
range data, at least when range frequency exceeds speed 
frequency. So long as only range information is required, 
and so long as the beat frequency can be averaged over the 
modulation cycle, sinusoidal modulation is permissible and 
equation (11.25) shows that radar range frequency is 
still as given by equation (11.22)* 

Another simple possibility is the limiting case of 
square-wave modulation, with frequency periodically 
shifting abruptly from one to the other of two fixed values 
F^ and (^asi-steady concepts must be used cautiously 
in dealing with abrupt frequency changes, but careful 
consideration will show that equations (11*24) and (11.25) 
still apply in the case of square-wave frequency modulation. 
Immediately after each frequency shift, a beat signal of 
frequency F^^-F. will be present for a time interval 21^ c, 
giving altogetner the number of beat cycles indicated by 

(11.24) if the target is stationary. There will then be no 
further beats until the next frequency shift, after which 
the same sequence of events will recur. 

When there is relative target motion, a speed- frequency 
beat will appear continuously. If the target moves toward 
the radar, the speed beat will increase the frequency 



24 


FREQUENCY MODULATED RADAR 


Chtkp* II* 


of the burst of range beats following each abrupt decrease 
of transmitted frequency and will decrease the frequ^icy of 
the burst of range beats following each increase of 
transmitted frequency. The square-wave type of frequency 
modulation in its most general form seems poorly suited for 
separate determination of range and speed when both are 
present together. 

If the frequency shift used is small enough so that 
square-wave frequency modulation changes the number of 
standing waves between radar and target by less than one 
full wave at the useful values of range, an interesting 
result is produced for moving targets. Ihe received speed- 
beat signal will then be substantially of steady sinusoidal 
form, except for a fractional-cycle phase shift at each 
change of transmitted frequency by the square-wave modula- 
tion. Hie average beat frequency will measure target speed 
relative to the radar, and the magnitude of the beat-signal 
phase shifts will measure target range. For clarity of 
result, radio frequency, range, and speed should be so 
related that each beat-signal phase shift caused by 
modulation is completed in a small fraction of one speed- 
beat cycle. Also, the transmitted frequency should remain 
at each of its two fixed values long enough for several 
complete cycles of the speed-beat signal to develop, but 
not so long that the slight difference in beat frequency 
under the two conditions can confuse the result. 

j. Condition at Turn Around. At the limits of fre- 
quency sweep in triangular modulation, where rate of change 
of transmitted frequency alters abruptly, the quasi-steady 
picture of a signal that does not change appreciably during 
the time 2H/ c required for propagation must be used 
cautiously. A slowly varying standing-wave pattern still 
exists, but following modulation turn around a slight 
deformation propagates rapidly through the pattern. Hiis 
effect may be important if propagation lag r (which is 2f^c) 
becomes a significant fraction of the duration i/( 2/^) of a 
single modulation sweep of transmitted frequency. 

Departures from quasi- steady properties as a result of 
time delay in signal propagation may be handled correctly 
if the true relation between phase and frequency of a 
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variable- frequency signal is borne in mind.^ The phase 
\// of an alternating signal sini// is always given by in- 
tegration as 27rffdt radians, where f is the instantaneous 
frequency of the signal . In the usual case of constant 
frequency, phase angle i// is of course found to be just 
27 rf ( t- ), where allows an arbitrary starting phase. 

In the vector picture of Fig. II. -4, output-signal 
amplitude is the magnitude of electrical vector and 
depends at each moment on the phase v/; of reflected- signal 
vector Cg relative to transmi tted-signal vector . 
Relative phase 0 is just the difference between phase of 
the signal being transmitted at a given instant and the 
phase 02 of the target- reflected signal being simultaneously 
received. Except for a fixed phase shift on reflection 
(tt radians for an ideal reflector), is exactly the phase 
of the signal as transmitted at an instant vdiich precedes 
its reception by the propagation delay r. Relative phase 

t 

0 at any time t is therefore exactly 2'rrJ Fdt , even if F 
changes appreciably over the interval r. 

The results of this line of reasoning can be stated very 
simply in terms of time averages of variable quantities. 
For the standing-wave picture, number N of standing waves 
to be considered is at any instant exactly that given by 
equation (11.12), if the value of radio frequency F used in 
that equation is the average over a time interval r pre- 
ceding the instant in question. For the vector picture, 0 
is always 2'rr(N'^%), with N determined as above. For the 
time-lag and frequency- shift picture, the instantaneous 
value of range frequency is exactly as given by equation 
(II. 3 )» but the value of frequency rate f used in that 
equation must be the average over a time interval r 
immediately preceding the instant in question. Equation 
(11.25) for as given by limits of frequency swing must 
be modified to allow for the fact that average transmitted 
frequency over an interval r nevei quite reaches the 
extreme values F^ and F^ of the instantaneous transmitted 
frequency. 

In almost all cases, the above corrections to quasi- 
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steady ideas are far too small to be of practical importance. 
Unless the existence of such correctbions is realized and 
understood, however, paradoxical and misleading conclusions 
may occasionally be reached. 

k. Fixed Error* One property characteristic of 
periodic modulation requires further discussion. This 
property is most striking when there is no target motion 
and the range is so short that modulation varies the number 
of standing waves present by less than one-half wave in 
all. Because the fractional change in radio frequency F 
due to modulation is usually small, this range may still be 
sufficient for the existence of a large total number of 
standing waves. Suppose the range to be constant and such 
that the radar receiver is at a steeply rising point 
of the standing-wave pattern (where direct-signal and 
reflected- signal vectors and are at right angles). 
As transmitter frequency is modulated in the way shown in 

Fig. II. -7(a), receiver output- vol tage variation due to 
alternate stretching and compression of the pattern by a 
fraction of a wave (alternate increase and decrease of 
signal vector phase \p over a range Ai//) is of the form 
shown by Fig. II. -7(b). Now suppose the range to be 



changed by one-eighth wave length, so that the receiver is 
located at a peak-amplitude point of the wave pattern 
(vectors and in line). The output variation due to 
modulation will now have the form of Fig. II. -7(c). 

The range change has been trifling, yet the output 
frequency has obviously changed by a factor of two! 
Neither of the output-signal frequencies of Fig.* II. -7 is 
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even related to the normal f-m radar range frequency given 
by equation (II. 3). Similar effects occur at greater ranges 
but are not so striking. These effects, which will be 
considered more fully in section 2g of Chapter IV., have 
sometimes been called fixed error. They indicate that 
breaking up the range- frequency beat by periodic variation 
of frequency rate F is not without its disadvantages. In 
laboratory measurements, such effects are easily observed 
and may prove most annoying. In actual use, however, 
ranges are never absolutely fixed and, particularly at the 
highest carrier frequencies, fixed error is averaged out by 
slight random fluctuations of range or by the orderly range 
changes due to mdving targets. 

1. Multiple Target Resolution. There is always a 
fundamental limit to the closeness of spacing at which 
two targets can be resolved, or separately observed as 
distinct objects, by radar. For frequency-modulated 
radar, this limit is set by the practical necessity of 
limiting the width of the band over which the transmitted 
frequency is swept in modulation. So far as the circiiits 
used in practical indicators are concerned, the resolu- 
tion limit appears as an effect of the limited speed of 
circuit response, taken in relation to the limited time 
available to modulate the transmitted frequency across 
the entire band used. 

The beat-signal phase jump which occurs as indicated in 
Fig. II. -5(b) at the end of each sweep of transmitted 
frequency prevents carrying information over from one sweep 
to the next. Multiple targets must therefore be distin- 
guishable by means of the beat signal received during a 
single sweep if they are to be resolved at all. Each 
target will give during one sweep, in accordance with its 
range R and the width of sweep F or If, AJV beat cycles 
as indicated by (II. 24)* In order that two targets may be 
definitely distinguished, the respective numbers AyV of beat- 
signal cycles per sweep to which they give rise must differ 
by a significant amount. 

If a minimum difference of B{AN ) beat cycles per sweep 
permits a definite distinction to be made between two 
signals present simultaneously, inversion of (11.24) 
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gives 

8i< ='/,(c/»')5(AAr) (11.26) 

as the minimum range separation S/t at w^iich two targets may 
be resolved as distinct objects. Ihis minimum resolved 
separation varies inversely with modulation sweep width W 
and is independent of both radio carrier frequency 
and modulation frequency /^ . Ihe quantity c/W may be 
conveniently referred to as sweep wave length »1inimum 

separation hh for mu 1 tipi e- target resolution is proportional 
to sweep wavelength by the factor /4S(AyV). 

The exact difference 8(AiV)in beat cycles that is 
definitely observable depends on the apparatus and technique 
by which the radar data is indicated and observed. It is 
fairly obvious, however, that two sinusoidal signals 
present simultaneously in a single circuit for only AiV 
cycles will not be clearly distinguishable as separate if 
their respective values of AiV differ by only a very small 
fraction of a cycle. It is also fairly obvious that the 
fact of the presence of two distinct signals will be easily 
discernible if, during a limited time interval lin which 
both signals are simultaneously present, the numbers of 
cycles A yV executed respectively by them differ by a 
considerable number of whole cycles. 

Between the above clear-cut limiting cases, it is 
evident that the somewhat indefinite border line for target 
resolution occurs for a value of S(A/V) in the genera] 
neighborhood of one complete beat cycle per modulation 
sweep. Tliat is« targets separated by the order of one-half 
sweep wavelength will be resolved, with the limit determined 
more exactly by details of equipment and skill of observer. 
Resolution is further discussed for more specific conditions 
in Chapter IX. 

A similar limit on resolution in the case of pulse radar 
is set by sharpness of pulse. This varies inversely with 
width AF of radio- frequency band occupied by the pulse 
transmission and is, in terms of range, proportional to 
c/AF. That is, either pulse or f-m radar will resolve 
targets separated in range by an amount ZH direotly 
proportional to velocity of radio-wave propagation and 
inversely proportional to width of radio- frequency channel 
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utilized. The exact value of the constant of proportion-- 
ality depends in each case on specific conditions of 
use, but is of the same order of magnitude whether the 
transmitted radar signal is pulsed or frequency modulated. 

5. Working Range 

a. Signal Strength on Target. Strength of received 
signal is controlled by the same factors in f-m radar as in 
the better known case of pulse radar, but some discussion 
will be included here. More on this subject may be found 
in the literature of pulse radar. ^ 

If an antenna in unobstructed space radiates a total 
power P|. uniformly in all directions, then a power P^/( 4 ) 
will fall upon any unit area located at radius R from the 
radiator and oriented perpendicularly to the direction of 
the transmitter. Ibis is because the total radiated power 
P^ reaches altogether at radius R a sphere of area /irtR^* 
If the transmitting antenna is directive, some areas will 
receive relatively more energy at the expense of others 
which receive less. 

The power gain G of a directive antenna in any particu- 
lar direction is the ratio of the power required by a 
completely non-directive antenna (at the same location as 
the djj^rective antenna) to the power P^ fed to the directive 
antenna, in order that the two antennas may transmit the 
same signal power per unit area in the given direction. 
For a simple dipole in the direction of maximum radiation, 
for example, G is 3/2. The power received by unit area at 
distance R from a directive transmitting antenna fed with 
power P^ and having power gain toward that area is 

P =PtGyi4 7rR^). (11.27) 

Subject to some qualification with regard to radiator 
shape, the power gain on the axis of a uniform plane-wave 
broadside radiator of area is 

G^U7tA^/\^ (11.28) 

for wave length \. Conversely, where power gain can be 
directly measured but actual radiator area is rather 
indefinite, this relation defines an "effective radiator 
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area". A completely non-directional radiator thus has an 
effective area of l/(Arr) or 0.0795 square wave lengths, for 
example, independently of its actual size. Incident power 
per unit area delivered on a target at range R becomes 

p=P^Ay{X»R*). (11.29) 

b. Target Area. Any radar target may be characterized 
by an "effective echoing area". This is the area which 
would have to pick up signal, all subsequently re- radiated 
or scattered uniformly in all directions, in order to 
produce the same reflected signal in a given direction as 
does the actual target. Real targets are of complex shape 
and their effective areas usually vary in a complicated way 
with direction and wave length, and correspond only in a 
general way to actual size of target. Tlie apparent power 
P* scattered by a target at range R, as seen from a 
direction for which the target exhibits an echoing area 
A^p is 

P'= pA^= P^A^Ay(k^R^). (11.30) 

No general discussion of target areas will be attempted 
here, but the characteristics of some ideal limiting 
cases*^*® may be mentioned. Tfie effective echoing area of a 
target (neglecting any energy dissipation in the target) 
will be the area intercepting signal from the radar 
transmitter times the directive power gain, in the direc- 
tion of the radar receiver, of the target as a radiator. 
For a conducting sphere very large compared to the wave 
length, the echoing area is found to be just equal to the 
actual area of wave front intercepted, which is the 
projected area of the sphere. For a very large flat 
conducting plate normal to the line of sight, the echoing 
area expressed in square wave lengths is proportional to 
the square of the actual area of the plate, also in 
square wave lengths. For a very small conducting sphere 
or flat plate, the echoing area in square wave lengths is 
proportional to the cube of the actual area in square wave 
lengths. For an unloaded (parasitic) half-wave resonant 
dipole, maximum echoing area is 0.86 square wave length. 
Even with wave lengths as great as a few feet, a medium- 
sized ship seen broadside can exhibit an effective radar 



Sec. 5 


PRINCIPLES OF OPERATION 


31 


echoing area of the order of 100,000 square feet. 

c. Received TTie signal power per unit area 

reaching a receiver adjacent to the transmitter, after 
scattering by a target at range R with apparent total 
power P' , is 

P'^P'/UttR^) =P^ A^Aj[/,n>e B* ) . (11.31) 

A receiving antenna will deliver to a matched-impedance 

load the power falling upon its effective area A,, to give 
a total received power 

PrP'^rPtW itrrk^tP)- ( II . 32) 

Either (11.28) or (11.32) may be taken as defining ; both 
lead to the same value. In radar work, transmitting and 
receiving is usually done either with a single antenna or 
with two identical antennas, so that the same effective 
antenna area A^ represents both A^ and A^ . It is this 
identity of transmitting and receiving-antenna charac- 
teristics that has made it permissible to disregard wave 
polarization in the above discussion of power levels. 

Equation (11.32) works properly with areas, wave length 
and range expressed in any mutually consistent units. 
However, it is especially convenient to express range in 
wave lengths as length units and all areas in square wave 
lengths. Then 

P^P^^ A'J^A>J(i,7TR‘^), (11.33) 

where primes indicate measurement in wave-length units. 
This relation is so simple, important and useful that it is 
wel 1 worth remembering. 

So long as all dimensions remain the same on a wave- 
length scale, received power is seen not to depend on wave 
length used. The target is. usually not under control of 
the radar designer, however^ so the possible dependence on 
wave length of its scattering area in square wave lengths 
nust not be overlooked. As might be expected, the received 
power varies proportionately with the transmitted power, 
but a large change in transmitter power has no more effect 
than a mch smaller change in range. Changing the size 
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( 1 i ne ar extent) of the antennas has as much effect as 
changing range by the same factor. 

d. Effect of Ground* When transmitted signal can 
reach the receiver both by reflection from the target only, 
and indirectly with intermediate reflection from ground 
(or sea) as well, the received-signal power varies from 
practically zero to practically sixteen times the direct- 
ray value, depending on relative positions of radar, target 
and ground. This is, of course, due to addition with 
varying phase of the signals over four paths (two outgoing, 
two incoming) as the relative path lengths vary with target 
position. The effect is to divide the space where the 
target may be into regions in which the target can be seen 
well by radar and regions in which it can not be seen 
at all. 

For a single radio frequency and a radar location fixed 
with respect to ground, these regions are fixed in space 
with respect to the radar. As the radio frequency is 
changed by frequency modulation, this interference pattern 
of regions of good and bad radar seeing moves in space. 
The consequence is that, in the presence of ground reflec- 
tion, the strength of signal received after reflection from 
a target varies over the frequency-modulation cycle. 
That is, the radio.- transmission medium becomes frequency 
selective when multiple paths are present, and produces 
amplitude modulation of the frequency-modul ated signal. 

In the general case it is necessary to take account 
separately of the phase and amplitude, as determined by 
path lengths and the electrical constants of the ground in 
the region of reflection, of the signals arriving at the 
receiver directly and by one or two ground reflections. The 
total radar signal results from combination of four such 
components. The properties of the general case may become 
rather complex, but there are two limiting cases for each 
of which the results may be presented in a simple form 
peculiar to the case. In the case of ground radar opera- 
ting against airborne targets, reflection occurs primarily 
in the vicinity of the radar and the effect of ground may be 
treated as an alteration of the directional pattern of 
power gain or effective area of the antenna used. In the 
use of aiVborne radar against surface targets, a typical 
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f-m application, reflection occurs primarily in the vicinity 
of the target and the effect of the earth* s surface may 
conveniently be treated as a modification of the directive 
pattern of effective area of the target only. 

For radar altimeters, the surface of the earth is itself 
the intended target and quite a different condition pre- 
vails. Various special cases arise, according to the 
particular properties of that part of the surface '’illu- 
minated" by the radar transmission. So long as the trans- 
mitting antenna has even moderate downward directivity, 
however, practically all the power transmitted must strike 
the target and the total power scattered or reflected in 
generally upward directions will depend only on the power 
transmitted and on the effective reflection coefficient of 
the surface illuminated. 

A very smooth surface of sea water, for example, will 
act as a mirror with practically perfect reflection capabil- 
ity, giving the effect of direct radiation from an image of 
the transmitting antenna to the receiving antenna, over a 
distance of twice the altitude, for an altitude of R^ wave 
lengths and a common effective antenna area of square 

wave lengths, the ratio of received to transmitted power 
will then be^ 

P,/P,= i4;V(2P')“. (11.34) 

If the ground surface is so rough as to be a perfectly 
diffuse reflector, the scattered radiation will be non- 
directive over the entire upward hemisphere. If the 
transmitter is highly di recti ve, so that no correction need 
be made for obliquity of wave travel, the ratio of received 
to transmitted power for the diffuse case becomes 

P/P^= pA^/{27tB'‘), (11.35) 

where p is the average energy- reflection coefficient for 

radio waves of the ground area involved. 

Equation (11.34) sets an upper limit to power that can 
be received, except in cases of focusing by special ground 
configurations! but antenna directivity in altimeters is 
seldom sufficient to render (11.35) accurately applicable 
as a lower limit. Dependence of received power on only 
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the inverse square of the altitude should be particularly 
noted, in contrast to the inverse- fourth- power dependence 
(equation 11.33) found for targets of fixed area. For 
nearly horizontal transmission, the effect of ground 
reflection (perhaps expressed in terms of target directivity) 
is to produce an inverse-eighth-power dependence of 
received power on range of a fixed- area target. 

e. Noise. Beside providing signal pickup, an antenna 
also acts as a source of random noise of available power 
feTA/ watts,® where k is the Boltzmann gas constant, 
1.37x10"^^ watt-seconds per degree Centigrade, T is the 
effective absolute temperature in Centigrade degrees of the 
space seen by the antenna, and A/ is the noise band width 
of the system used in cycles per second. The receiver 
always contributes additional noise energy, which may be 
specified by a ’'noise factor" NF. This noise factor may be 
so defined that the output of the actual receiver fed by an 
antenna at room temperature is the same as would be 
produced by a perfect, noise- free receiver of the same gain 
fed by an antenna producing a noise power oi NFkT^ 
watts. 


f. Noise Limitation on Range. In some cases, radar 
range is limited by random noise produced by the antenna 
and receiver. A great deal of argument is possible as to 
the exact condition under which the noise becomes harmful, 
but the limit of range will here be considered to occur 
when the received- signal power is equal to the noise power 
at the receiver output. Then from equation (11.33) and the 
above value for noise power, the limiting range in wave 
lengths is 


h' =V Ay (irrNFkT^^f). 


(11.36) 


This is sometimes called the Hadar Equation. It shows 
that noise-limited range can be improved equally by 
increasing transmitted power or by decreasing receiver 
noise factor, but that the improvement is painfully slow 
in either case. Wave length alters range only as it alters 
target echoing area A^ in square wave lengths. The only 
really effective method of increasing range which is 

indicated is by increasing the linear dimensions of 
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transmitting and receiving antennas. 

Decrease of working band width is shown by equation 
(11.36) to be as effective as increase of transmitter power 
in improving noise- 1 imi ted radar operating range. With f-m 
radar, the noise band width is essentially the pass band of 
the amplifier for the beat-note output and may be quite 
narrow. Thus, the steady power transmitted in f-m radar 
may be much smaller than the peak power of a wide-band 
pulse radar of equivalent range. In fact, both systems 
should require substantially the same average power for the 
same signal /noise performance. 

g. Other LiMiting Fdctors. In many cases, f-m radar 
range is limited by one of two factors other than receiver 
noise. One of these limitations is feed through, or signal 
passing directly from transmitting to receiving antenna. 
If this is strong, it interferes with proper receiver 
operation in the usual f-m case of simultaneous trans- 
mission and reception. If a feed-through signal is 
modulated by motion of conductors near the antennas, it^ can 
produce strong spurious variations in the total received 
signal. Obviously, increasing transmitter power increases 
both feed-through and desired signals in the same propor- 
tion, so gives no increase in useful range when feed 
through is the limiting factor. Feed-through trouble can 
be minimized by careful attention to antenna design and 
location, and by certain artifices, but remains an important 
practical 1 imitation. 

The other major range limitation is reflection from the 
surroundings of the target — ’’ground clutter” or ”sea 
return”. This, also, increases along with desired signal 
as transmitted power is increased, so that there is no 
advantage in using more power than is required to raise the 
sea- return level well above the receiver noise. Increased 
sharpness of transmitted beam will improve the ratio of 
signal to sea return by concentrating a larger proportion 
of the transmitted power on the desired target, but sea 
return also remains an important limitation on useful 
range, especially for single- target systems. 

Microphonic noise is always a major source of trouble in 
airborne equipment, but by careful attention to design it 
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can be kept within bounds. Microphonic noise is not a 
fundamental limitation in the same sense as are thermal 
agitation or shot noise, feed tFi rough, and sea return. 


6. Notation and References 


a. Notation, The following algebraic notation has 
appeared in this chapter. Listing is in alphabetic order. 


A 

a 

A' 

a 

A 


A' 


A .A 


c 


/, 

/a 

fs 


f.’f. 

A/ 

F 

F ,F 

F\F” 

• 

F 

AF 


G 

k 


k 


8 


Effective area of antenna for a given direction. 

Effective antenna area in square wave-lengths. 

Effective echoing area of target for a given direc- 
tion. or area of equivalent isotropic scatterer. 

Effective target echoing area in square wove lengths 

Effective area of receiving or transmitting antenna 
respectively. 

Velocity of radio-signal propagation. 983.24 feet 
per microsecond in normal sea- level air. 

Signal voltage vectors. 

Frequency of beat between transmitted signal and 
signal received after target reflection. 

Frequency of periodic modulation of frequency of 
radar signal. 

Frequ«icy of f-m radar beat due to target range only. 

Frequency of radar beat due only to relative speed 
of target. 

Beat frequency during upward and downward modulation 
sweep, respectively, of transmitted frequency. 

Equivalent noise band width of receiver. 

Radio frequency. 

Radio frequencies transmitted at particular in- 
stants. 

Radio frequ^cies modified by time lag or target 
motion 

Rate of change of radio frequency with time. 

Width of radio- frequency channel for pulse trans- 
mission. 

Power gain of antenna for a given direction. 

Boltzmann's gas constant, 1.37x10*^^ watt- seconds 
per degree Centigrade. 

Range sensitivity of frequency- modulo ted radar, in 
beat- frequency cycles per second per unit speed (for 
example, per foot) . 

Speed sensitivity of frequency- modulated radar, in 
beat- frequency cycles per second per unit speed (for 
example, per foot per second) . 
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N Number of standing waves between radar and torget. 

^ Numbers of standing waves under particular condi- 
* tions. 

N Rate of change with time of number of standing waves 
between radar and target. 

NF Noise figure of receiver. 

C^N Change in number of standing waves caused by fre- 
quency change or relative target motion. 

hiCiN) Difference of standing- wove changes for two targets. 

p Power falling on unit area at a distance from radar 
transmitter. 

p* Power falling on unit area at a distance from re- 
flecting target. 

P* Power reflected by target. 

P Available power delivered to matched load by re- 

** ceiving antenna. 

Power Tadiated by transmitting antenna. 

R Range or distance of target from radar. 

R‘ Range in wave lengths. 

h Rate of change of range with time. 

hR Range difference between two targets just resolved 
by radar. 

t Time, 

Particular instant of time. 

t Period of repetition of periodic frequency modula- 

® tion. 

T Absolute temperature of region seen by antenna, in 

Centigrade degrees. 

Abiolute room teof^erature in Centigrade degrees. 

m Width of frequency bond swept in modulation of trans- 
mitted radar signal. 

\ Wove length of radio signal. 

Wave length of radio signal of frequency called 
sweep wove length. 

p Coefficient of radio- wave reflection. 

T Time delay while signal travels from radar to target 

and echo returns. 

i// Phase of reflected signal from target relative to 
direct signal, at receiver. 

Ai/; Chanqe of relative reflected- signal phase during 
modulation. 
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CHAPTER III. 


RADIO APPARATUS USED IN F-M 
RADAR SYSTEMS 

1 . General 

The radio portions of a frequency-modulated radar system 
include directive antennas for transmission and reception, 
oscillators for generating the radio- frequency power trans- 
mitted, frequency modulators controlling these oscillators, 
sources of modulating signal, receivers for the target- 
reflected signals which derive therefrom beat-frequency 
signals representative of target range and speed, and beat- 
frequency amplifiers of suitable characteristics. These 
various portions of the equipment will now be discussed 
separately, with emphasis on those features which are 
peculiar to f-m radar use and as little as possible said 
about their properties as conventional radio apparatus. 
For airborne use, it is imperative that microphonic prop- 
erties be minimized in all portions of the equipment. 

2 . Antennas 

a. Types of Antenna, Antennas used for f-m radar have 
been of conventional types for the frequencies involved. 
Mechanical design has been subject to the requirements of 
airborne use. Separate antennas have in most cases been 
used for transmission and for reception. 

For altimeters operating near 440 megacycles, the simple 
low- reactance (1 arge-dia.neter) half-wave dipole shown in 
Fig. III.-l is widely used. It is supported from the outer 
skin of metal aircraft by the quarter-wave stub section of 
two-conductor open line seen in the photograph, which 
functions as a rugged radio- frequency insulator. It is fed 
at the center by a single coaxial line, of which one of the 
supporting rods forms the outer conductor. The supporting 
line stub serves also as an unbal anced-to-bal anced trans- 
former to make the antenna feed symmetrical and to match 
the antenna impedance to the 50-ohm characteristic impedance 
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of the coaxial feed line. The metal skin of the aircraft 
to which the antenna is mounted, or a large metal mounting 
plate used in the case of fabric- covered aircraft, serves 
as a reflecting sheet to make the downward directivity of 
the system greater than that of a dipole in free space. 



Increasing aircraft speeds have made the aerodynamic 
drag even of streamlined antennas, like the dipole of 
Fig. III.-l, excessive. Much effort has therefore been 
applied to a program for development of antennas completely 
enclosed within the normal aircraft structure# One result 
of this program has been the "slot antenna"^ for 440-mega- 
cycle altimeters shown in Fig. III. -2. This unit is to be 
mounted with its face flush with the metallic outer covering 



Fig. III. -2* Slot antenna for 440 -megacycle 
operation. For flush mounting in 
surface of aircraft. 


or skin of an aircraft. It will excite in the skin of the 
aircraft currents in the plane of and perpendicular to the 
long slot visible in its face. These currents will radiate 
substantially like a broad-band dipole antenna, so that the 
unit functions essentially as a coupling device between a 
coaxial transmission line from the radar and the skin of 
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the aircraft. The metal ”batli tub” of the unit acts with 
the three sets of capacitive tabs seen at the edges of the 
slot as a resonant circuit coupled to the adjacent aircraft 
skin by the slot capacitance common to both. The trans- 
mission line from the radar is in turn coupled to the 
resonant circuit by a suitably terminated inductive loop 
mounted within the bath-tub cavity. The open slot is 
covered by a window of transparent plastic. Substantially 
the same altimeter performance is obtained with the antenna 
of Fig. III. -2 as with that of Fig. III.-I. 

For hi^er directivity a-t 410 megacycles, the Yagi end- 
fire array of Fig. III. -3 has been used. It is an enlarged 
version of the 515-megacycle array used with the A9B series 
of pulse radars. This linear array has one driven dipole 



Fig. III.- 3. Directional antenna array 
for use at 410 megacycles per second. 

element, located at the end of the streamlined supporting 
mast, and four parasitic elements, one "reflector” and three 
"directors", excited by radiation from the driven element. 
It also is fed by a coaxial 50-ohm line within the support- 
ing mast, through a balancing and impedance-matching stub 
line within the housing at the end of the mast. The 
directive pattern of this antenna is primarily a single 
lobe directed along the bar mounting the director elements 
and extending between half-amplitude points over a total 
arc of 76 degrees in the (horizontal) plane of the elements 
and a total arc of 105 degrees in the (vertical) plane of 
the supporting rod and mast. 
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Accurate azimuth determination has been obtained by 
using in a lobe-switching arrangement® two of the Yagi 
arrays of Fig. III. -3, pointed respectively to right and 
left of a reference azimuth by a constant small angle 
(about 15 degrees). When the antennas are turned as a unit 
until switching between them no longer affects the strength 
of signal, the target must lie along the above azimuth- 
reference line, as is well known. Special care in reducing 
backwardly directed pattern lobes^ necessary to avoid 
azimuth errors in the presence of interfering targets 
behind the aircraft carrying the antennas. 

At 1500 megacycles, the array shown in Fig. III. -4 of 
t\w) dipoles in a parabolic- cylinder reflector has been used 
to produce a forwardly directed signal. In keeping with 
the trend toward higher aircraft speeds and the consequent 
need to minimize exterior projections, this antenna is 
intended to be mounted within the aircraft and to radiate 
through a dielectric window shaped to the contour of a 



Fig. III. -4. Dipole array in reflector for 
ISOO-negacycle use. with matching network. 

normal exterior surface of the aircraft. The dipoles are 

mounted to the reflector by resonant stub lines and are 

connected in parallel to a 50-ohm coaxial cable by means of 

an adjustable two-stub matching unit. Vertical pattern 

width IS 74 degrees and horizontal width 66 degrees, 

between half-field points. Some tests have also been made 

of a two-layer Yagi array^ and of an end-fire array with 

fed elements,® as well as of larger dipole-parabola 
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systems.® Increased directivity was found to produce 
improved results. For ship-board use at 1500 megacycles, 
with relatively high directivity required, a single-dipole 
antenna with a small reflecting "hat" is mounted in a 
paraboloidal reflector four feet in diameter. 

In exploratory work at 4000 megacycles, a two-dipole 
array mounted in a paraboloidal reflector of circular form 
has been used successfully for each antenna. Because space 
is at a premium on aircraft, use of separate transmitting 
and receiving antennas is a decided disadvantage and 
methods of duplexing a single antenna are important. The 
time- sharing type of duplexing used with pulse radar is not 
useful with the continuous transmission and reception which 
is characteristic of most frequency-modulated radar, 
while bridge methods are not only wasteful of power but 
excessively critical if extreme decoupling is to be main- 
tained over a wide frequency band. The "Magic Tee" 
wave-guide coupler is a promising decoupling device for 
duplex use of a single antenna. 



Fig. III.-5* Radiator for simultaneous transmission 
and reception at 4000 meqacycles. using 
polarization duplexing. 

These considerations led to tests of the less conven- 
tional 4000-megacycle transmitting and receiving antenna^ 
of Fig. III.-5» in which a single hom-and-lens radiator 
is coupled independently to two circuits by use of two 
distinct conditions of wave polarization. The horn is fed 
by a circular wave guide operated in the TE^ mode and the 
different polarizations are obtained by crossing the two 
line elements coupling the transmitter and receiver to the 
wave guide, as may be seen in the figure. Plane grids of 
wires shaped to conform with electric-field lines of the 
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TE^^ wave from the rear coupling (the one farthest from the 
horn) are inserted in the guide between the couplings. 
These serve to prevent waves from the front coupling line 
from reaching the rear coupling, as well as to terminate 
the portion of wave guide seen by the front coupling. 

Limited tests of the duplexed antenna gave promising 
resul ts. A few targets tried were found to scatter radia- 
tion in unpolarized fashion, so that returned- signal 
levels were about the same for crossed as for parallel 
polarization of separate transmitting and receiving 
antennas. For targets which reflect radio waves without 
change of polarization, the quarter-wave plates of oarallel 
dielectric slabs or metal sheets, shown in front of the 
horn, maybeused (when oriented at 45“ to both transmitting 
and receiving couplings). Such devices convert the plane- 
polarized waves leaving the horn to circularly polarized 
waves for illuminating the target, and reconvert circularly 
polarized reflected signals to waves plane polarized at 90“ 
to the outgoing ones for effective reception. Good isola- 
tion of transmission and reception was obtained with this 
duplexed antenna, especially when used without the quarter- 
wave plate. 

b. Location on Aircraft. Proper location of antennas 
on aircraft is very important for satisfactory operation of 
airborne frequency-modulated radar equipment. Six major 
requirements to be met in locating the antennas are: 

(1) Minimum disturbance of flight characteristics 
of aircraft. 

(2) Minimum coupling between transmitting and 
receiving antennas. 

(3) Minimum coupling to antennas of »other equipment. 

(4) Minimum modulation of signals by motion of 
propellers or other portions of the aircraft. 

(5) Minimum signal transmission or receiving sensi- 
tivity in undesired directions. 

(6) Maximum signal in desired direction. 

These requirements are likely to prove more or less 
incompatible, so that a compromise location generally gives 
the best overall result. 



Sec. 2 


RADIO APPARATUS 


45 


For the dipole antennas of Fig. III.-l, mounting so that 
the axis of the radiator is parallel to the motion of the 
aircraft is obviously important to minimize aerodynamic 
drag. G)upling between transmitting and receiving antennas 
is minimized if they are mounted with axes in line, since 
each antenna is then located in a null of the directive 
pattern of the other. In-line mounting with enough separa- 
tion to prevent undue induction-field coupling usually 
requires that the antennas be mounted on the under side of 
the fuselage, \rfiich is not always permissible. Where these 
ant^nas must be mounted in side-by-side fashion, they must 
be well separated or shielded from one another if excessive 
cross coupling or feed through between them is to be 
avoided. This may be done by mounting one antenna under 
each wing of a high-wing or mid-wing aircraft; the fuselage 
then acts as a very effective shield. 

The \agi arrays of Fig. III. -3, being intended to work 
against isolated targets ahead* of the aircraft, must be 
mounted pointing almost exactly forward. Because the radar 
echo from the desired target may be very weak and the earth 
represents in this case a tremendous undesired target, 
extreme care must be taken to minimize downwardly directed 
transmission and reception if a very strong unwanted 
"altitude signal" is to be avoided. This suggests mounting 
the antennas atop the wings, one to each wing, somewhat 
behind the leading edge,®’®''® as shown in Fig. III.-6A. 



Fig. III. -6* Typical locations for directive 
antennas on aircraft. 

For low- wing or mid-wing aircraft, such mounting permits 
the fuselage to shield the antennas effectively against 
direct feed-through coupling, which must be kept extremely 
small, but with over-wing antennas, the shadow of the 
wings makes it difficult for the radar to see targets at 
short range. On the other hand, the under- wing installa- 
tion of Fig. III.-6B may lead to excessive altitude signal, 
despite the cancellation of downward signal obtainable by 
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correct spacing Between array arid wing surface. The stag- 
gered installation shown in Fig. III.-6C, with one antenna 
above one wing and the other antenna between the other 
wing, has sometimes proved a useful compromise. 

Leading edges of thick wings provide suitable sites for 
installation of the 1500 -mega cycle parabolic reflectors of 
Fig. III.-4. With one antenna in each wing, the 

fuselage is an effective shield preventing either antenna 
from radiating directly into the other. Dbwnward radiation 
can be kept low by proper placing of the antenna with 
respect to the hole cut in the wing. The aircraft pro- 
pellers must not enter the main radiation pattern of either 
antenna or serious unwanted modulation will result. 

At 4000 megacycles, it has been found feasible to 
operate both antennas in fixed positions side by side in 
the plastic nose of a small bombing aircraft. This has 
required a metallic shielding septum between the antennas 
and a non-reflecting surface behind them. 

When feed-through signal due to direct radiation or 
induction coupling of transmitting and receiving antennas 
is substantially eliminated, indirect couplings become 
troublesome. Such indirect coupling is likely to occur 
^en protruding portions or accessories of the aircraft, 
such as propellers, landing gear, cowling, antennas, bombs 
or rockets, pick up and re- radiate a portion of the trans- 
mitted signal. Indirect feed through can be extremely 
troublesome because motion of the offending conductor or 
variable electrical contact between it and the aircraft 
produces strong modulation of the feed-through signal, 
which then becomes interfering noise. Direct feed through 
merely simulates a stationary target at very short range; 
this does harm only by confusing desired near-target 
signals and by producing receiver overloading which may 
mask weak distant- target signals. Simultaneous trans- 
mission and reception makes the feed- through problem more 
serious for f-m than for pulsed radar. For satisfactory 
operation, transmitted signals reaching the receiving 
antenna in the abs^ce of desired targets should suffer at 
least 60 decibels attenuation. 

Cancellation of feed through by fine adjustment of 
coupling elements is usually of limited value. It may only 
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be depended upon to reduce further a coupling already 
inherently small, and this only if antennas are so disposed 
that no large chance variation of indirect coupling can 
occur. Highly accurate cancellation can be produced at a 
single frequency, but only a limited attenuation can be 
maintained in this way throughout a wide frequency band. 

Unwanted echoes from rough sea surfaces nearly beneath 
the aircraft are reduced by the measures against downward 
directivity that are used to overcome unwanted altitude 
signal. At least for the lower frequencies of a few 
hundred megacycles, sea return is much worse for vertically 
than for horizontally polarized transmission. Antennas for 
other than altimeter use must therefore be mounted so 
that, even in the presence of possible inclined aircraft 
surfaces,^® minimum vertical polarization will be produced. 
Signals returned from rough sea surfaces near a distant 
target are essentially similar to those from the target; 
interference from them can only be reduced by transmitting 
and receiving with narrow beams to reduce the amount of 
interfering surface illuminated or seen by the rtidar. 

From this brief discussion, it should be evident that 
antenna placement is an important branch of the art of 
airborne frequency-modulated radar. Unfortunately, the 
fields in the immediate vicinity of an aircraft are so 
complex that detailed theoretical prediction of antenna 
behavior seems impracticable. Each new combination of 
antenna and aircraft requires individual study, preferably 
involving directive-pattern measurement and actual radar- 
system flight tests for several promising antenna locations. 
A general understanding of the behavior of radio-wave fields 
and a background of experience are the only useful guides 
in predicting optimum locations for antennas on aircraft. 

3. Transmitting Oscillators 

a. Triodes* Self-excited oscillators used to generate 
frequency-modulated radar signals have, like antennas, been 
of conventional design for the frequencies used. Triode 
tubes have therefore been used for the lower frequencies. 
The push-pull resonant-line oscillator using acorn tubes 
which is shown pictorial ly in Fig. III. -7 and schematically 
in Fig. III. -8 is typical of 400- to 500-megacycle design. 
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This oscillator develops about 0.20 watt and is tuned to 
the proper average frequency by sliding a short-circuiting 
bar along the plate line. A rather similar arrangement 
using type 2C43 lighthouse triodes provides a 2-watt power 
output, with plate current supplied at 270 volts. 



Fig. Ill, -7. Frequency- Fig. III. -8. Circuit diagram for 
modulated tridde oscil- 410*Degacycle oscillator, 

ator for 410 megacycles. 



ADMIRAL CORP PHOTO 


Fig. 111.-9. Triode oscillator 
for 1500 megacycles. 

At 1500 to 1650 megacycles, an oscillator using a single 
2C43 tube with grounded grid in a tuned-plate tuned-cathode 
coaxial structure has proved suitable. As arranged in 
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Fig. III. -9, with the half-wave-length plate line sup- 
ported at its nodal point by a quarter-wave stub of high 
heat conductivity, this unit will deliver up to 2 watts 
of r-f power, again with 270-volt plate supply. A coupling 
link between plate and cathode resonators, not visible in 
the figure, provides adequate feed back to ensure oscilla- 
tion despite the shielding action of the grounded grid, 
liming is accomplished by adjustment of capacity loading of 
the open-ended half-wave plate line, while loading of the 
tube is controlled by varying the length of the cathode 
line in the region above the resonant length. 

Each type of triode oscillator described above is 
frequency modulated by means of a tuning capacitor with a 
vibrating electrode at ground potential. The oscillator is 
tuned and loaded so as to minimize accompanying amplitude 
modulation. In the 1 owe r- frequency push-pull oscillator, 
the modulating capacitor has symmetrical fixed electrodes 
connected to the resonant line at the tube plates. In the 
single- ended oscillator, the single fixed electrode of the 
modulating capacitor forms the end of the half-wave 
resonant line remote from the tube plate. Total frequency 
swings ranging from 1 to 50 megacycles per second are used. 

b. Magnetrons. At 2600 megacycles, triodes do not 
make particularly satisfactory oscillators. To provide 
about one watt of f requency-modul ated continuous-wave 
power at that frequency, vdiich was considered for f-m radar 
use, a number of forms of special magnetron with a single 
annular resonant cavity were tried.'* Ihese tubes were 
frequency modulated by varying anode voltage. In one 
experimental tube, an efficiency of 25 per cent was 
attained with 200 volts on the anode, and in another a 
25-nfiegacycle frequency swing was obtained. Tubes of this 
type are therefore usable and might respond to further 
development, but none of those tried was outstandingly 
good. 

At 4000 megacycles, the multicavity magnetron is the 
most efficient transmitting oscillator. A small 12-cavity 
continuous-wave magnetron was successfully developed for 
4000 -megacycle f-m radar tests, under the experimental 
type designation A-i25C. A modification of this tube with 
electronic frequency modulation of a type to be described 
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later was also developed and used with success. Either 
tube delivers 25 watts of r-f power to conventional coaxial 
load circuits at about 50 per cent efficiency, with d-c 
plate supply at 850 volts. 

Under some conditions of operation, these magnetrons 
were extremely noisy, exhibiting strong random modulation 
of both amplitude and frequency of their r-f output. This 
was found'® to be caused by liberation in the cathode-anode 
space of a condensible vapor of atoms and ions of the 
cathode- coating material, as a result of the back bombard- 
ment of the cathode by electrons accelerated by the radio- 
frequency fields in the oscillating tube. Excess noise 
occurs only when operating at voltages above a certain 
threshold value, which depends on the structure and past 
history of the individual tube and on the current being 
drawn. Any measure which reduces electronic bombardment 
of the cathode raises the noise- threshold voltage, as well 
as improving the operating life and efficiency of the tube. 
Such measures are omission of oxide coating on the ends of 
the cathode cylinder, which operate in regions of non- 
uniform field, and use of cathode sleeves of star-shaped 
external cross section. With oxide coating only on the 
clockwise faces of the star, clockwise electron rotation 
ensures that only the uncoated faces are bombarded. When 
the noise- threshold voltage of a tube exceeds its normal 
operating voltage, the tube is satisfactory from a noise 
standpoint for f-m radar use. 

4. MODULATORS 

a. Rotary Capacitors. Early altimeters'® were modu- 
lated in frequency by varying the transmitter tuning rsqpidly 
with the aid of a motor-driven rotary variable capacitor. 
This is a simple and obvious method, which can within 
reasonable limits be given any desired form of frequency 
variation with time by choice of a suitable electrode 
shape, but suffers from several practical disadvantages. 
It was shown in Chapter II., section 4g, that the range 
sensitivity of a periodically frequency-modulated radar is 
proportional to the product of the repetition frequency of 
the modulation and the width of the frequency band swept 
as a result of the modulation. It is difficult to maintain 
the dpeed of an ordinary modulator-driving motor, and 
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consequently the modulation frequency of a rotary capaci- 
tor, sufficiently accurately over the wide ranges of 
temperature and supply voltage normally encountered in 
airborne operation. It is also difficult to set the width 
of the band swept to desired values and to change from one 
value to another for operation in different altitude ranges. 
Mechanical play results in unintentional frequency modula- 
tion, which produces a "noisv" signal. 

An ingenious scheme was used in the rotary modulator 
of the German radar altimeter FuG-101, to alter the band 
swept without changing modulation frequency. TTiis employed 
a capacitor with one large and one small rotor. Ihe small 
rotor was driven by the motor directly and the large rotor 
by a unidirectional clutch. With the motor running in one 
direction, both sections were driven to sweep a wide fre- 
quency band, while reversal of the motor disengaged the 
unidirectional drive and operated only the small rotor 
el ement. 


b. Vibrating Capacitors. The type of frequency 
modulator that has seen most radar use is one in which an 
element of the capacitor which tunes the transmitting 
oscillator is driven by a reciprocating electric motor and 
executes a linear vibratory motion. The motors used are 
essentially electrodynamic loudspeaker movements, driven 
synchronously from an alternating-current source of 
controlled frequency. Synchronous a-c drive is more 
practical for vibratory than for rotary modulators because 
of the smaller driving power required by the former. 

Fig. III. -10 shows the modulator used with the 1500- 
megacycle oscillator described in section 3a above. The 
larger unit on the left contains the permanent-magnet field 
structure. In the recess of its face may be seen the 
perforated diaphragn >^ich supports the actuating ”voice” 
coil and the cylindrical moving electrode of the modulating 
capacitor. Within the vibrating cylinder is visible a flat 
disc electrode, which is adjustable by a screw passing 
through the axis of the structure and accessible from the 
rear; this disc serves for fine tuning of the transmitter 
to the assigned operating frequency. Tbe smaller unit at 
the rig^t of the picture is the mechanically fixed and elec- 
trically insulated cylindrical electrode of the modulating 
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Fig. III. -10. Vibrating capacitor for 
modulating transmitter frequency. 

capacitor, which enters the vibratipg cylinder and faces 
the adjustable disc of the driving unit when the two pieces 
are united to form a complete modulator assembly. Because 
the modulating capacitor has coaxial cylindrical electrodes 
with relative motion in the axial direction only, its 
capacitance varies in accurately linear fashion with dis- 
placement of the moving electrode. 

The modulator used with the 410-megacycle transmitter 
described in section 3a is similar in principle to the one 
illustrated above. Its moving electrode is, however, a 
flat central portion of the diaphragm and its symmetrical 
fixed electrodes are plated areas on a flat ceramic head 
plate mounted close and parallel to the diaphragm. This 
para! 1 el -plate type of capacitor with variable spacing 
exhibits an inherently non-linear variation of capacitance 
with diaphragm displacement. 

On a lumped-circuit basis, oscillator frequency is well 
known to be inversely proportional to the square root of 
the total capacitance in the frequency-detennining resonant 
circuit. If this capacitance is entirely that of a 
parallel -plate capacitor having negligible field fringing, 
it will in turn be inversely proportional to the separation 
of the plates. The oscillator frequency will in that case 
be directly proportional to the square root of the plate 
separation, which is varied linearly by motion of the 
modulator diaphragm. If the capacitance is entirely that 
of two coaxial cylinders with negligible fringing, it will 
be directly proportional to the depth to which the smaller 
cylinder enters the larger one. The oscillator frequency 
will in this case be inversely proportional to the square 
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root of the depth of cylinder engagement^ which is varied 
linearly by motion of the diaphragm in the type of modula- 
tor shown in the figure. Thus the two types of modulator 
described both give non-linear variation of frequency with 
electrode displacement and to a similar degree. Had 
additional capacitance not varied by modulator motion been 
taken into account, a similar conclusion would still have 
been reached. 

To realize truly linear variation of frequency with 
displacement, more complicated electrodes than parallel 
planes or coaxial cylinders would be required. Fortunately, 
the simple configurations have sufficed for the relatively 
limited frequency variations used. Tbe coaxial -cylinder 
form of modulating capacitor has the property that its 
rate of change of capacitance with electrode motion is 
independent of initial depth of engagement of its elec- 
trodes. Tliis means that amplitude of frequency modulation 
is, for a given amplitude of diaphragn vibration, unaffected 
by deformation of the diaphragm due to acceleration of the 
modulator as a whole. For use in mobile craft, freedom 
from disturbance of the frequency swing by acceleration is 
an important advantage. The parallel -pi ate modulator does 
not exhibit this advantage. 

Overall sensitivity of the modulator, in amplitude of 
capacitance change per volt of driving-signal amplitude, 
directly affects the frequency swing and therefore the range 
sensitivity of the radar system, so must be stable for a 
single modulator and tolerably uniform among production 
modulator units. Sensitivity depends mainly upon electri- 
cal resistance and conductor length in the driving coil, 
magnetic flux density in the air gap containing the coil, 
and mechanical properties of the moving system. Since the 
modulator is normally driven at frequencies below its 
natural resonance, the controlling mechanical property 
is diaphragm stiftiess. Hiese quantities must be held to 
design values in production, and wherever possible chosen 
to vary in mutually compensatory fashion with such external 
factors as temperature. Diaphragm stifhiess, for example, 
may be controlled by varying the thickness and tension of 
the diaphragm. A threaded ring for tension control, with 
two slots to receive an adjusting spanner, may be seen 
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between the two rings of screwheads in Fig. III. -10. 
Vibrating frequency modulators must be recognized as highly 
specialized units requiring great care in design and manu- 
facture. Typical values for production paral 1 el -pi ate 
modulators are given in Table III.-l. 

TABLE III.-l 


Properties of Vibrating Modulator 


Driving-Coil Resistance 

5 . 7 ohms . 

Driving-Coil Inductance 

Negligible. 

Flux-Density X Conductor Length 

4.0 X 10® gauss-cm. 

Mechanical Resistance 

112 gm./sec. 

Diaphragm Stiffness 

2.4 X 10^ dynes/cm. 

Moving Mass 

2.0 grams. 

Resonant Frequency 

173 cycles/sec. 

Operating Frequency 

120 cycles/sec. 

Sensitivity 

0.011 inch/volt. 


The diaphragm can "break up" and vibrate in variously 
phased sections at high frequencies. If high-frequency 
exciting components are present in the driving signal, such 
break-up can seriously disturb the overall modulation 
characteristic. By particular care in design, higher-mode 
resonances of the moving system can be made very weak; this 
is achieved in the modulator shown in the figure. 

c. Driving the Vibrating Modulator. For small fre- 
quency swings, nonlinearity in the eftect of diaphragm 
motion on transmitter frequency may be neglected. Sym- 
metrical-sawtooth frequency-modulation wave form then 
requires that the vib rating-modulator diaphragm move with 
constant speed for one half modulation period, then reverse 
its motion suddenly and again move with the same constant 
speed but in the opposite direction for the next half 
period, then again reverse suddenly, and so on. Curve (a) 
of Fig. III. -11 represents the triangular variation of 
diaphragm displacement with time during this motion, curve 
(b) the corresponding square-wave variation of velocity 
and curve (c) the impulsive acceleration of the diaphragm. 

Deformation of the diaphragm, opposed by its stiftiess, 
requires a driving force proportional to displacement and 
therefore representable, to the proper scale, by curve (a). 
Any mechanical resistance of the type corresponding to 
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Fig. III. -11. Characteristics of 
modulator* diaphragm motion. 

motion through a viscous fluid must be overcome by a force 
proportional to velocity and representable by curve (b). 
For this particular motion, friction also requires a 
driving force of fom (b). Acceleration of the moving mass 
at the points of reversal requires an inertia force repre- 
sentable by (c). 

The total driving force, the sum of these three compo- 
nents in proportions depending on the particular properties 
of the moving system, must have the sort of time variation 
shown by curve (d) of the figure. To avoid breaking up of 
the diaphragm into regions vibrating at high frequency and 
not in phase, it is necessary in practice to spread out the 
impulsive driving force and so avoid extremely sudden 
reversals of motion at the tum-around points. It is also 
found in practice that the viscous- force component (b) 
required is negligible by comparison with stillness and 
inertia forces (a) and (c). 

With the mutually perpendicular arrangement of magnetic 
field, current, and motion found in the vibra ting-modulator 
motor, the driving force developed is simply the product 
of magnetic induction in the air gap, conductor length in 
the driving coil, and currait through the coil. The current 
must therefore also have the wave form of curve (d). The 
corresponding driving voltage will have a similar form, 
because the electrical impedance of the moving voice coil 
itself is practically a pure resistance. Curve (d) there- 
fore represents the wave form of the voltage which must be 
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applied to the modulator-driving amplifier in order to 
transmit a frequency varying according to curve (a). 

The driving wave form may conveniently be obtained fron 
a square- wave voltage source because the required sym- 
metrical-sawtooth component represents the variation of 
area under, or mathematically the time integral of, a 
square wave, while the pulse component represents the rate 
of change or time derivative of a square wave. The charge 
on, hence the voltage across, a capacitor is by definition 
the time integral of the current flowing into that capacitor. 
Conversely, the current flowing into a capacitor is pro- 
portional to the rate of change or time derivative of the 
voltage applied across that capacitor. A capacitor fed 
with a square-wave current, for example through a very high 
resistor from a square-wave voltage, therefore develops a 
symmetrical -sawtooth voltage. A capacitor across which is 
impressed a square-wave voltage passes an impulse-wave 
current, which will produce an impulsive voltage across a 
very small series resistor. Substantially all of the 
total applied voltage must appear across the "very large" 
resistor above and substantially none of it across the 
"very small" resistor, if accurate integration and difleren- 
.tiation of wave form are respectively to be attained. That 
is, the time constant of the integrating circuit must be 
large and that of the differentiating circuit small. 
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Fig. III. -12- Modulator-driving circuit. 

These considerations led to the modulator-driving 
circuit of Fig. III. -12, which has proved very useful. The 
initial square wave is produced from a low-impedance 
constant- voltage supply E by periodic operation of a rapid- 
acti.ig switch Sw at the desired modulation frequency, A 
well damped, cam-driven leaf- spring mechanical switch with 
equal open and closed periods has been used, either as 
shown by the full-line circuit or by the alternative dotted 
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circuit. Tests have shown a low-impedance electronic 
switch to be an acceptable though more complex substi- 
tute. TTie high-level square wave is adjustably attenuated 
by the moderately low-valued resistors and r^, either 
or both of which may be varied as specific conditions 

require. These resistors provide convenient control of the 
frequency band swept in modulation and thereby of the range 
sensitivity of the radar system. 

The output of the attenuator is applied to two wave- 
shaping circuits, in which the relatively high resistor 
and large capacitor Cg integrate the square wave to produce 
a triangular-wave output, while the relatively small 

capacitor and small resistor diflerentiate to provide 
pulse output. Resistor and capacitor act to decrease 
the steepness of rise and fall of the square wave before 
differentiation, preventing the derivative pulses from being 
so sharp as to cause marked breaking up of the piston 
motion of the modulator diaphragm. Large capacitor and 
resistor r^ serve merely to block any steady voltage from 
appearing at the output, while maintaining a closed output 
circuit for direct current. 

Connection of the bottom of pulse-output resistor 
essentially to the top of sawtooth-output capacitor 
results in direct addition of the integrated and differen- 
tiated waves, in proportions adjustable bv the variable 
tap on to suit the mass/ stiffness ratio of the modulator. 
Low-level output of appropriate wave form from the tap on 

drives an amplifier with a low- impedance, or constant- 
voltage, output circuit which in turn drives the modulator. 

Resistor is usually large enough and capacitor 
small enough not to load the attenuator r , r * Resistor 

may be small enough, however, to produce appreciable 
loading and so affect the calibration of the attenuator. 
Capacitor is large enough so that the voltage across 
it remains nearly constant at the mean value of the 
attenuator output over the square-wave cycle, since the 
triangular- wave voltage cycle across Cg is of relatively 
small amplitude, is therefore connected in effect from 
the square-wave attenuator-output voltage to a point at a 
fixed voltage having the same average value. Its effect is 
therefore the same as that of a shunt having substantially 



58 FREQUENCY MODUL Aim RADAR Chap. III. 

twice the resistance of r and connected directly across 
r . Allowance for loading*by Tg may thus be made easily in 
tSe attenuator design. 

Kadar range sensitivity is controlled by the rate of 
change of transmi t ted frequency with time during modul ation* 
This rate must therefore be accurately controlled if ac- 
curate range measurement is required. In the circuit of 
Fig. III. -12, the current flowing into capacitor C. , to 
which the rate of change of capacitor voltage, of diaphragm 

displacement, and of transmitted frequency are proportional, 
depends only on supply voltage E, settings of attenuator 
resistors and r and series resistance Fg. This 
important rate is therefore not dependent on modulation 
frequency in the case of the circuit shown. Fig. III. -13 
is a graphic demonstration of the way in which current 



integration varies the width Vi of band swept so as to 
compensate for variation of modulating frequency keep- 
ing constant the modulation product which is one half 
of the rate of change of transmitted frequency f. So long 
as the proportion of triangular to pulse component does not 
depart excessively from the stiffness/mass ratio of the 
modulator as modulating frequency varies, the circuit shown 
compensates radar range sensitivity against such variation. 

The entire modulating system is one of the few portions 
of a complete f-m radar equipment udiich can affect directly 
the accuracy of its operation. Careful design and accurate, 
stable components are therefore necessary throughout this 
portion of the equipment. 
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d. Electronic Modulators^ Vacuum tubes with feed back 
so connected as to give the tube the properties of a 
variable reactance, often used as oscil ] ator- frequency 
controls at medium and high frequencies, have not found use 
in u] tra-high- frequency frequency-modulated radar. Their 
range of control, stability and control linearity do not 
appear adequate for such use, even in the case of tubes 
having low enough el ectron-transi t time to be operative at 
all at ultra-high frequencies. 

A Barkhausen transit- time oscillator with frequency 
control by variation of accelerating voltage was used in an 
early altimeter^® but was probably not very accurate. In 
similar fashion, a reflex klystron with frequency modulated 
by varying repel ler voltage has been given limited trial 
but, aside from inadequate power output, exhibited inade- 
quate stability and linearity of modulation for accurate 
range measurement. Successful use of such an oscillator in 
a special superheterodyne receiver will be described later. 

Most of the work on electronic frequency modulation of 
radar signals has been done in connection with magnetron 
power oscillators operating at super*high frequencies in 
the neighborhood of 4000 megacycles per second. Require- 
ments to be met by the modulator are.’ 

(1) Sweep capability not less than 5 megacycles 
per second. 

(2) Minimal accompanying amplitude modulation. 

(3) Linear frequency-modulation characteristic. 

(4) Modulation characteristic independent of 
oscillator load. 

Direct modulation of magnetron anode voltage does 
produce frequency modulation, but only with excessive 
accompanying amplitude modulation. Since the resonant- 
cavity circuit controlling the oscillating frequency is 
self-contained within the magnetron envelope, direct 
variation of a main tuning reactance by the methods used 
at lower frequencies is inconvenient. Frequency control 
by external circuits coupled to the magnetron has therefore 
been extensively investigated.^* The rather low coupling 
attainable between any external circuit and the resonant 
cavities of magnetrons that were available during the f-m 
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radar work has been found to impose practical limitations. 

A magnetron with a resonant cavity coupled to it by 
the usual coupling loop may be represented well enough 
for the present discussion by the simple equivalent cir- 
cuit of Fig. III. -14. This, of course, assumes that 


M 



Fig. 111.^14* Equivalent circuit 
for external frequency modulation 
of magnetron oscillator. 

no other modes of resonance of the magnetron cavities 
or the coupled cavity than those so represented lie in 
or very near the frequency range under consideration. 

represents losses occurring in the magnetron cavities, 
including any separately coupled external load, in the 

absence of the coupled circuit under investigation. 
is the conductance of the electron stream of the mag- 
netron and is found to vary very slowly with frequency; 
any susceptance due to the electron stream is included 
in the lumped-equivalent magnetron inductance and 
capacitance . 

For the present purpose, the behavior of the equivalent 
circuit is fully described by the magnetron oscillation 
frequenc y i n the absence of the coupled circuit, given 
by i/( 277 ’nJL C ), and its Q-factor co C /G , in addition to 
the coefficient of coupling k, which is Af/\lL^L and the 
Q-factor ll(ci)C r ) of the ext ernal circuit at a frequency 
given by l^k^)] , which characterizes the 

effect of adding the extern al co upled circuit of uncoupled 
resonant frequency i/( 2‘77'/L . Uncoupled frequencies, 
uncoupled Q and coefficient of coupling are all measurable 
characteristics of the resonant system, while the lumped 
equivalent impedance elements L^, C^, and 

are not. 

Susceptance B appearing across terminals A-A of the 
equivalent network at frequency / is given by 
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and conductance G at the same points by 


^ (IIM) 


G=G < 1 + 


1-k^ 


(III. 2) 


Oscillation of the coupled systems must take place at a 
frecjuency for which susceptance B is zero. Only external - 
circuit resonant frequencies and coupled oscillation 
frequencies / which lie very near to the uncoupled mag- 
netron frequency / are of present interest. Fractional 
frecpiency deviations 


and 




(III. 3) 


are therefore useful variables; these remain so small that 
they may be neglected by comparison with unity. Using 
these variables, the condition for vanishing B which 
determines the frequency of oscillation becsomes 




Q2(y-x) 


y = 


i+4Q*(y-x)- 


(III. 4) 


to a good approximation, while the cx)nductance becomes 

^ i-fe» * i +4Q»(y-x)® 

From ecpiation (III ,4) it is clear that the change f y in 
oscillation frequency caused by coupling the external 
circuit to the magnetron depends only upon the degree of 
coupling, upon the selectivity of the coupled circuit, and 
upon the detuning f x of the coupled circuit from the un- 

O 

coupled oscillation frequency It is further evident 


(III. 5) 
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from the form of (III. 4) that y reaches extreme values 
± { 1-k^) when y-x is ±J[/(2(?^)* The full-line curves 

of Fig. III. -15 are plots of change in oscillation fre- 
quency of the circuit of Fig. III. -14 against detuning of 
the external circuit, for the various values of Q noted 
and for a coupling, coefficient of 2% per cent, such as 
is attainable in the usual magnetron. The dashed curve 
shows what would happen for a particular value of with 
22% per cent coupling. 



Fig. III. -15- Characteristics of frequency 
modulation using coupled circuit. 

The dotted portion of the curve for - 100 is actually 
plotted from the skewed cubic equation (III. 4) but has 
obviously no physical meaning. In this region there are 
for each value of f ^ three frequencies / for which total 
susceptance vanishes, but of course the system can actually 
oscillate at any time at onlyoneof these values of /. 
Oscillation will occur at that one of the three permitted 
frequencies for which the losses to be made up by energy 
drawn from the electron stream of the magnetron are least. 
This is that frequency satisfying equation (III. 4) for 
which total susceptance G as given by equation (III. 5) is 
smallest. Using values of x and y from the curve of 
Fig. III. -15 in the conductance equation, it is found that 
oscillations will actually take place only as indicated by 
the full- line portion of that curve. This behavior, with 
a break in oscillation fre()uency as is varied through 
is characteristic for sufficiaitly hi^ Q of the coupled 
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circuit and is found experimentally. For lower Q , the 
figure shows that only a single frequency gives zero sus- 
ceptance and no discontinuity in operation occurs. The 
value of above which three possi ble values of y occur 
for certain values of x is / 1-k^/k. 

An electron stream may be coupled to the external cavity 
so as to vary either its resonant frequency or its 
selectivity factor Q^. Either effect provides a useful 
method for modulating the oscillation frequency of the 
magnetron. If is varied, / will vary along a vertical 
line such as A-B of Fig. If / is varied, / will 

vary according to a full -line curve of^ the figure. It is 
obviously undesirable to vary through {x through 
zero) if is high enough for a frequency jump to occur. 
If is not quite high enough to produce a discontinuity, 
it is clear from the figure that there will be a small 
region near in which / varies rather rapidly with . 
Operation in this region by varying is nevertheless 
undesirable because power loss in the modulating cavity is 
high, because it is difficult to insure linear modulation 
and because modulation sensitivity df/df^ varies rapidly 
with , which is not a hi^lv stable parameter. When 
modulating by variation of resonant frequency of the 
external circuit, it is therefore necessary to operate 
about such a point as P of the figure. The steepest 
ideally realizable characteristic for such operation, the 
limit approached in actual operation, comes at the zero 
value of Xf with infinite Q . From equation (III. 4), this 
corresponds to a value of k/l24l for y and to a limiting 
modulation sensitivity 

any actual modulation must occur with lower sensitivity 
than this. This is an important, but not necessarily 
prohibitive, limitation on frequency modulation of a cavity 
magnetron by an external singly- resonant "reactance tube. " 

ttodulation by control of 0^ has been used with moderate 
success.*® For this purpose, the external cavity was 
loaded with a plane- elect rode or "light house" diode and 
modulation was produced by varying a negative bias voltage 
applied to the diode. was found to vary in normal modu- 
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lation between 40 and 150, with resulting frequency changes 
in good agreement with the predictions of equation (III. 4)* 
Due to long electron- transit time in the diode, bombard- 
ment by electrons accelerated by the r-f signal was more 
than adequate to maintain the diode cathode at emitting 
temperature, permitting the normal heater to be turned off. 
Tt was found by experiment that magnetron- output frequency 
varies non-linearly with either modulating voltage across 
or current through the diode, but in such a fashion that by 
shunting the diode with a suitable resistor a substantially 
linear variation of frequency with total current through 
diode and shunt may be attained over a limited but useful 
frequency range. 

Amplitude modulation resulting from variation of was 
found to be extremely slight, even with frequency shifts in 
excess of 5 megacycles, though the initial act of coupling 
on the modulating cavity markedly reduced the average power 
output of the magnetron. The load was coupled to the 
magnetron by a coupling loop separate from that used to 
couple to the modulator. Variations in reactive component 
of the load as seen by the magnetron cavity serve to change 
the tuning of that cavity and therefore its resonant fre- 
quency /^ . Deference to Fig. III. -15 shows that the 
modulation due to variation of depends critically on the 
value of X at which operation takes place, that is on the 
small difference between uncoupled resonant frequencies 
of the magnetron and of the modulating cavity. It is 
therefore not surprising that the modulation characteristic 
was found to be affected strongly by variations in magnetron 
load. This is, in fact, a serious fault of the diode modu- 
lation system; another fault is the inherent non-linearity, 
which must be minimized by a carefully adjusted shunt 
resistor across the diode. 

Limited investigation of the case of two resonant 
circuits coupled to the magnetron and both varied in 
resistance or reactance reveals useful possibilities. 
Under workable conditions, the change in frequency of 
oscillation still must be less than the change in coupled- 
circuit resonant frequency, but the frequency- change ratio 
may be somewhat greater than the limit of M found for a 
single circuit. It is, however, possible to produce a 
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usable working region, corresponding to the low-Q region 
near x = 0 of Fig. III. -15, in which oscillation frequency 
/ varies sensibly linearly with simultaneous change of 
coupled- circuit resonant frequencies and . This same 
region also has the property that, if modulation is 
produced by alteration of and rather than of and 
the modulation sensitivity changes only slightly for 
small changes of magnetron- cavity resonance /^. A doubly 
resonant push-pull diode modulator may therefore be freed 
from the troublesome effects of variations in magnetron- 
load impedance. 

It would be simplest to couple both load and modulating 
circuits to the magnetron by a single loop, but this seems 
only practicable if tight coupling can be obtained. The 
dashed curve of Fig. III. -15 shows that with sufficiently 
close coupling very modest values of are adequate to 
permit strong control of oscillation frequency by the 
external resonant circuit. But coupling methods often used 
permit only weak coupling to the magnetron, and the solid 
curves of the figure show that for weak coupling a fairly 
high value of Q is necessary to permit control. If the 
load is coupled Sirectly to the modulating circuit in order 
to utilize a single coupling to the magnetron, the circuit 
Q is degraded by power dissipation in the useful load. The 
overall result with available coupling factors andunloaded- 
circuit Q values is that the effective value of is too 
low for satisfactory modulation and the fraction of total 
generated power wasted in the modulator is too large. 

Taken altogether, magnetron frequency modulation by 
variation of external coupled circuits is a practical and 
useful possibility which may well merit further develop- 
ment. 

e. Auxiliary Beam Tubes. Magnetron oscillators may 
also be frequency modulated by varying the resonant fre- 
quency of their internal cavity structures. To do this 
mechanically at the highest modulation frequencies useful 
for f-m radar hardly appears attractive. There remains 
the possibility of direct control of resonant frequency of 
the magnetron anode cavities by auxiliary electron beams 
within the vacuum envelope of the magnetron itself. This 
involves the production of rather special tubes but has 
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proved a very useful method of frequency modulation. 

If a beam of electrons is injected between the plates of 
a parallel-plate capacitor to which an alternating voltage 
of amplitude E is epplied, as shown in Fig. III. -16, and a 
uniform magnetic field H is applied in a direction parallel 
to that of electron injection, the electrons will move in 
corkscrew fashion along the magnetic lines of force. The 



Fig. III. -16* Electronic impedance control. 

electrons will have an oscillatory component of motion in 
the direction of capacitor- pi ate separation, representing 
a displacement current through the capacitor itself and a 
corresponding alternating current component in the external 
circuit connected to the capacitor.*^ 

An electron injected into a uniform magnetic field of 
strength H with a velocity component perpendicular to that 
field will, in the absence of electric fields, travel along a 
helical path with axis parallel to the field. It will 
revolve around the axis of the helix with constant angular 
velocity 

He/m, (III. 7) 

corresponding to the cyclotron frequency f^, where e is 
electronic charge and m electronic mass. T^is frequency 
does not depend on velocity of the electron or radius of 
its helical path. 

If now an alternating electrical field of the above fre- 
quency is applied perpaidicular to the magnetic field, an 
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electron injected parallel to the latter field will develop 
a periodic motion transverse to the magnetic field and in 
time phase with the electric field. It will remain in phase 
and be steadily accelerated, traveling in a steadily 
widening spiral and absorbing energy from the alternating 
source which supplies the field. The synchronous electron 
beam, though it may never strike the plates producing 
the electric field and so never cause an actual flow of 
electrons into a plate, will thus appear as a resistive 
impedance to the external driving circuit. 

In the case of an electric field at a frequency f higher 
than the cyclotron frequency, an electron which begins 
moving in phase with the field when it enters the space 
between the exciting plates will initially pick up energy 
from the field and move in a widening spiral. At the same 
time, revolving at the cyclotron frequency /^ , it will 
begin to fall behind the field in phase and will lag more 
and more until, when it moves in phase quadrature with the 
field, energy exchange no longer occurs. Thereafter, the 
electron motion will have a oonponent directly out of phase 
with the field and will be decelerated, moving then in a 
spiral of decreasing radius and falling still further 
behind the field in phase, while delivering energy to the 
external circuit. When the electron motion has just 
reached phase opposition to the electric field, the elec- 
tron will have returned to the circuit just as much energy 
as it previously absorbed. If it passes out of the field 
at that moment, its presence will have resulted in no net 
energy transfer and so will not have placed a resistive 
load on the external circuit. 

Througliout the above motion, the electron velocity will 
lag behind the field in phase by some amount, so that there 
will always be a lagging component of displacement current 
and the net effect of the electron on the external circuit 
will be that of an inductive reactance shunting the field- 
producing plates. In similar fashion, a field of frequency 
lower than the cyclotron frequency will be led in phase by 
the electron motion and the external circuit will in that 
case see the electron as a capacitive reactance. 

By integrating the dynamic equations of electron motion 
in crossed magnetostatic and alternating electric fields. 
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for electrons entering the field region with velocity 
parallel to the magnetic field, the velocity component in 
the direction of the electric field may be determined. From 
this transverse velocity, with beam current and electron 
velocity along the beam produced by a steady accelerating 
voltage , the contribution of each length element of the 
beam to the displacement current between the plates may be 
determined. 


Tliese current contributions may be integrated over the 
length D of the interaction of beam and field to determine 
the total current to the plates due to the presence of the 
electron beam, and thence the shunt admittance Y seen by 
the external circuit. Calling T the time of transit of an 
electron over the distance D and & the total lag 
of electric- field phase behind electron motion during trans- 
it, and making some simplifications allowed by the fact that 
for the interesting conditions of operation \ the 

above procedure yields for the electronic admittance 


DP 

O 




i.dll.S) 




0^ 


where d is plate separation. 


If the capacitor threaded by the electron beam forms an 
element of a parallel circuit L^, C^, resonant with no beam 
at frequency the condition for resonance at a new fre- 
quency with the beam present will be that the sum of 
electronic and circuit susceptances shall vanish. Using 
as given above, and considering the case for which 
is negligible compared to this condition 

leads to 



E C IB^rdP 
0 0 


sin 6 -9 


with shunt conducteoice 


(III.9> 


G 


e 


A. . i ~ cos 6 

K ’ 9^ 


(III. 10) 


Fig. III. -17 shows the dependence of A/ and on phase 
difference 6 accumulated in transit. Electron-field phase 
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difference 6 is proportional to electron detuning 
the proportionality factor being the total electron transit 
angle at frequency /^. In agreement with the qualitative 
earlier discussion, G is a maximum and Af zero if / = / 

• /r ® ''o c 

and no phase difference accumulates. Zero energy loss, with 
substantial A/, occurs for one full cycle of phase lag. 



Fig. III. -17. Theoretical frequency 
shift and loading by helical 
electron beam. 

Experiments at 4000 megacycles per second with an 
electron beam in one cavity of a vane- type multicavity 
resonator confirm the behavior suggested by equation (III. 9). 
Within reasonable limits of error, theory and experiment 
agree in indicating a maximum frequency change of 0.3 mega- 
cycles per second per milli ampere of an 80- volt electron 
beam. The maximum possible frequency shift, for a space- 
charge limited beam which just fails to strike the plates 
at the widest part of its motion, is found theoretically 
to be 

\F(EjE)(C/C^)f . (HI. 11) 

where F is a factor between and 2 which depends on 
ratio of beam thickness to plate separation, is total 
effective cc^acitance, Cis cfig)acitance between plates, £ is 
beam- accelerating voltage and E is anplitude of alternating 
voltage. 

Analysis of the behavior of an intensity-modulated 
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electron beam leads to much more complicated results^ ^ 
than those given above for a beam of constant intensity. 
Its properties depend not only on phase difference 6 
between electron and electric field during transit, but on 
modulation- frequency phase progress during transit also. 
The steady- state discussion given here still applies for 
modulation at sufficiently low frequencies. In the special 
case of it is found that the modulation frequency 

for a 4000-megacycle circuit may be raised to 300 mega- 
cycles before the frequency modulation obtainable with 
a given beam voltage and current drops to half its low- 
frequency value. 

For the actual case of a distributed- constant resonant 
cavity, the analysis required involves solution of Maxwell’s 
equations under appropriate boundary conditions by a method 
of successive approximations. Such an analysis has been 
carried out*^ for a rectangular-parallelepiped cavity with 
electron beam passing along the longitudinal center line of 
the cavity, with results broadly similar to but differing 
somewhat in detail from those found for the lumped circuit. 
For instance, maximum frequency shift occurs for phase 
difference in transit of 4 rather than rr radians, while 
minimum loss occurs at 377 rather than 277 radians and mini- 
mum-loss operation permits 0.4 rather than 0.5 of maximum 
frequency shift. 

The very important result of this work is that by 
approximately resonating the cyclotron frequency of an 
electron stream in a magnetic field with the frequency of an 
oscillatory circuit coupled to that stream, the reactive 
effect of the electrons on the circuit can be tremendously 
enhanced without introducing excessive losses. A further 
valuable feature is that the resulting frequency shift 
varies linearly with beam current, at least over a useful 
operating range. 

On the basis of the foregoing principles and results, 
a special frequency-modulated magnetron^ ^ was devel- 
oped, under the experimental type designation A^127A, 
Fig. III. -18 is an axial section showing the internal 
construction of the magnetron and in particular the grid- 
controlled sources of the modulating beams. Fig. III. -19 
is a diagrammatic view along the axis of the strapped- vane 
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multicavity resonant anode of this magnetron, looking along 
the magnetic field and the modulating electron beams, which 
shows the relative size and position of the two auxiliary 
beams used. 



ELECTRON 

BEAM 



MAGNETRON 

VANES 


Fig. III. -18. Sectional view Fig. III. -19. Axial view 
of structure of auxiliaiy- of maanetron cavity and 

beam magnetron. electron beams. 

In the photograph of the magnetron structure with 
its metallic "bath tub" envelope removed. Fig. III. -20, 
the b.e am- forming elements are prominently visible, and 
between them the end "hat" of the magnetron cathode may be 
seen surrounded by the tips of the anode vanes. The 
radio- frequency shield necessary to protect the beam- 
cathode heaters against bum-out by induced r-f current is 
abs^t in this photograph. The load- coupling loop and its 
50 •ohm coaxial lead-out are quite normal and so not espe- 
cially shown in these figures; the load is coupled to a 
cavity, at the bottom of the photograph, midway between 
those traversed by the modulating beams. All internal 
parts are mounted from and all leads brought out through 
the header plate, visible in the photo, to which the metal 
envelope will be welded. Massive copper rods supporting 
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the anode block serve to conduct heat to external cooling 
fins. 



Fig. III. -20. Internal construction 
of 40 00 -megacycle auxiliary- 
beam magnetron. 

Measurements on a number of A^ 127A magnetrons operating 
with 50-per cent efiiciency and delivering 25 watts output 
into an approximately matched load while using 80- volt 
auxiliary beams are typified by the graphs of Fig. III. -21. 

Fig. III. -21(a) shows the e^ect of beam resonance on 
frequency modulation and power loss or resistive loading. 
These measured characteristics are seen to be qualita- 
tively similar to the simplified theoretical characteristics 
of Fig. III. -17, to which they are in principle comparable, 
though diFering in a number of details. These differences 
have not been fully explained, but are thought to result 
from ejects of the very intense radio- frequency fields in 
the oscillating magnetron on beam- electron transit time. 

Special test equipment*®^ was developed for obtaining 
dynamic frequency- shi ft characteristics of these tubes. In 
this equipment, beats of the frequency- modulated signal 
against a series of fixed- frequency reference signals were 
displayed as vertical pips on an oscilloscope trace, with 
horizontal deflection supplied by the modulating voltage. A 
voltmeter used in conjunction with an adjustable gate 
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displayed on the oscilloscope trace permitted correlation 
of instantaneous voltage on the modul ating-beam grids 
of the magnetron with instantaneous output frequency. 
Fig. III. -21(b) shows the linearity of frequency charac- 
teristic obtained. A frequency swing of 3 megacycles was 
attainable with negligible amplitude modulation, with an 
8-megacycle swing possible if 5-per-cent airplitude modula- 
tion may be tolerated. Use of modulating beams in more of 



Fig. III. -21. Characteristics of auxil iary-beam 
control of magnetron. 

the magnetron cavities would further increase the attain- 
able frequency swing. Tliese auxil iary-beam magnetron tubes 
are believed to be the first compact, efficient source 
ciqpable of delivering significant amounts of linearly fre- 
quency-modulated power at super- high frequencies. Another 
auxili ary-beam magnetron,*® producing much greater fre- 
quency-modulated power at rather lower frequency, has also 
been developed. 


5. Receiving equipment 

a. Bdlanced Detector. In frequency-modulated radar 
as in other services, the simplest receiver is a detector 
fed directly with antenna output and in turn feeding a 
low-frequaicy anplifier. Because channel congestion has not 
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been serious in f-m radar operation, such a simple, un- 
selective receiver has been adequate for some applications. 
If the detector is ol the simplest type, however, radio- 
frequency signals reaching the receiver directly from the 
transmitter may produce overwhelmingly strong low-frequency 
interference in the detector output in case the transmitter 
is subject to some fortuitous amplitude modulation, as 
actual transmitters sdways are. 

Balanced detectors have found use, because they permit 
a beat-note signal to be derived by mixing the receiving- 
antenna output with a local signal obtained from the t;rans- 
mitter, while at the same time they prevent any modulation- 
frequency signal from being produced by amplitude-modulated 
signals from either receiving antenna alone or transmitter 



Fig. III. -22. Circuit diagrcon 
of balanced detector for 
4 10 -megacycle operation. 


Fig. III. -23. Con- 
struction of 410- 
megacycle balanced 
detector. 


alone. Fig. III. -22 is a circuit diagram of such a detec- 
tor for 410-megacycle operation, and Fig. III. -23 is a 
photograph of the mechanical arrangement of the two acorn 
diodes and antenna- coupling elements. The antenna- coupling 
loop is inside the metal box at the center of the picture, 
while the local -signal coupling loop is in a similar box 
below the chassis deck. The resonant-line detector- input 
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circuit is adjacent to the chassis and between the two 
coupling loops; its ends may be seen connected to diode*- 
socket terminals below the coaxial antenna line. 

Referring to the circuit diagram, the parallel- resonant 
mode of the two input- line conductors is tuned by the 
adjustable shorting bar L-102 and excited by the antenna- 
coupling loop L-104, which together with its shielding box 
may be moved to equalize the coupling to the two line 
conductors. The push-pull mode of the twin line conductors 
is tuned by moving capacitive shunt C-103 and excited by 
the mixing- signal coupling loop L-101, which may also be 
moved laterally to balance the coupling to the two line 
conductors. The mixing- signal coupling loop, fed through 
a balanced shielded line from a pick-up loop coupled to the 
transmitter (see Fig. III. -8), is made highly symmetrical 
to avoid exciting the parallel mode of the detector- input 
line as a result of unbalanced current caused by stray 
capacitive coupling of the pickup loop to the transmitter. 

The two diodes are connected in series with respect to 
their direct- current load H-114, and are so driven by the 
two input- line conductors that input from either trans- 
mitter or receiving antenna alone results in application of 
a balanced- to- ground, push-pull rectified signal across 
R-114. When both inputs are present at once, however, the 
beat-note output of the detector appears against ground at 
both ends of R-114 in parallel. The low-frequency output 
from the center- tap of the filter capacitor across the load 
resistor therefore represents beat note only and is free 
from modulation existing on either signal when received 
alone. 

Balancing is accomplished by adjusting position of the 
two coupling loops and setting of the differential capacitor 
C-141* This is done with transmitter operating under fre- 
quency modulation and normaJly loaded, but with various 
impedances connected in place of the receiving antenna. A 
combination of settings is sou^t which will minimize audio 
output over as wide a range of receiver- input loading as 
possible. Use of the circuit- damping resistor R-115 makes 
the balance conditi,on much less critical. At any one 
frequency, a hi^^ degree of balance against both detector 
inputs may be obtained, but ahen modulating over a band of 
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frequencies on optimum compromise is all that is possible. 
Even such a coirpromise is a matter of rather lengthy and 
critical adjustment. Changes of load seen by receiver input 
are likely to cause deterioration of balance. The balancing 
capacitor C-141 is intended to equalize effective diode 
c^acitances» but the connections from it to the internal 
diode capacitances have appreciable inductive reactance. 
The capacitor setting for balance therefore varies with 
frequency; this is typical of the inperfections which pre- 
vent attainment of a uniformly high degree of balance over 
a wide frequency band. 

When operating well, the balanced-detector system 
greatly reduces the disturbing effect of amplitude- modu- 
lated interfering signals and of amplitude modulation of 
the f-m radar transmitter. It is quite simple in construc- 
tion, but critical adjustments must be made and maintained 
to secure satisfactory operation. Selectivity of the 
push-pull detector-input circuit coupled directly to the 
transmitter may convert the frequency modulation of the 
very strong directly coupled mixing signal to amplitude 
modulation. In case of imperfect balance, this modulation 
will appear directly as low-frequency detector output. 
Such converted modulation may be much stronger than the 
fortuitous amplitude modulation of the mixing signal which 
the balanced detector was introduced to suppress. A poorly 
adjusted and excessively selective balanced detector may 
therefore operate at least as badly as a good, non- selective 
single detector. This is the troublesome effect reduced by 
the use of push-pull damping resistor R-115. 

In section 3 of Chapter II, the behavior of f-m radar 
was described in terms of amplitude variation of the 
resultant of direct and target- reflected radios- wave fields 
in the neighborhood of the radar transmitter. The signifi- 
cant variations of resultant field correspond to motion of 
a standing-wave pattern, caused either by changing trans- 
mitter frequency or by target motion. Actually, amplitude 
variation of the field is also likely to result from fortui- 
tous amplitude modulation of the transmitter. Because the 
direct-signal component is usually many times stronger 
than the target- reflected component in the vicinity of the 
transmitter, furious amplitude modulation of the resultant 
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field is likely to mask the much weaker modulation repre- 
senting motion past the radar of the standing-wave pattern 
set up by the target. %)ecial measures are required to 
overcome this unsatisfactory condition. 

By carefully locating the receiving antenna so that the 
direct signal from the transmitter is minimized^ as 
described in section 2b above, fortuitous amplitude modu- 
lation of the total received signal is very greatly reduced. 
Dy separately feeding a signal conponent directly from the 
transmitter to a balanced detector system, the efTect of 
amplitude modulation of this component is also considerably 
reduced. These two artifices together serve to produce a 
detector output which much more nearly represents the 
standing-wave variations of the ideal case of Chapter II. 
than does the actual total field at most points ^near the 
real radar transmitter. 

Balanced detectors have not been developed for 1500- 
megacycle operation, where it might be very difficult to 
maintain adequate balance. A special diode has been 
developed for such use,*® however, incorporating provision 
for external control of anode-cathode spacing to permit 
accurate balancing of diode capacitances. At super-high 
frequencies, balanced detectors using crystal diodes and 
"Magic Tee" wave-guide circuits have been found useful. 

b. Side Rand Superheterodyne. The superheterodyne 
principle leads to a less critical if more complex receiver 
than the simple balanced detector, and particularly facili- 
tates operation at the higher frequencies. This principle, 
however, requires rather special adaptation to meet the 
needs of f-m radar. Useful f-m radar information resides 
cmly in the small frequency differences between transmitted 
signal and returning echo, so that the wide frequency swing 
of the transmitted signal is no longer useful after the 
beat si^al between it and the radar echo has been devel- 
oped. It is therefore desirable that the local hetero- 
dyning signal follow the frecgiency sweep of the transmitter, 
so that the pass band of the intermediate- frequency anpli- 
fier need not accept the wide sweep of the returned signal 
but only the narrow spread between transmitted and received 
sipials. 
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One method of making the heterodyne* signal frequency 
follow the transmitter frequency is to derive the former 
from the latter by a modulation process, using a filter to 
reject unwanted modulation components. This method may be 
described as a side-band superheterodyne. It has been used 
very successfully at both 515 and 1500 megacycles; the 
higher- frequency equipment in particular will be discussed 
here. 

Fig. III. -24 is a block diagram of a side-band super- 
heterodyne radar system. Transmission covers the band 
1500 f ^ megacycles per second, where ^ is width of 
frequency band swept in modulation. A portion of the 



Fig. III. - 24 - Block diagram of side-band 
superheterodyne. 

transmitter output is modulated in a crystal mixer by a 
120-megacycle intermediate- frequency local oscillator. 
Mixer output feeds a single- side- band filter which strongly 
rejects both the carrier at 1500 ± megacycles and the 
upper side band at 1620 i megacycles resulting from the 
modulation process, while freely passing the lower side 
band at 1380 i megacycles. The lower side frequency 
so passed of course tracks accurately the transmitter 
modulation and is suitable for use as a local heterodyning 
signal. This signal is mixed with the received radar-echo 
signal in a crystal first detector to produce a difference 
frequency of 120 megacycles ± /n^/gf where and are 
radar range frequency and Doppler speed frequency. The 









Sec. 5 


RADIO APPARATUS 


79 


difference- frequency heterodyned signal is amplified by a 
rather narrow-band intermediate- frequency amplifier and 
mixed in a diode second detector with 120-megacycle unmodu- 
lated signal from the local oscillator. Second-detector 
output IS at the desired radar beat frequency and is 

fed to a low-frequency amplifier. In the SlS^megacycle 
version the intermediate frequency is 30 megacycles per 
second, with the local i-f oscillator serving also as a 
first mixer. 

The heart of this system is the side- band filter, which 
with the two crystal mixers forms the ISOO- megacycle unit 
shown in Fig. III.-2S. Input from the transmitter is 
applied, through the fitting H-104 at the right of the 
interior view, to a first circuit tuned to ISOO megacycles 
by the adjustable stub C-106. The crystal mixer serving to 



Fig. III. -25- Side-bond filter 
and mixer unit for 1500- mega- 
cycle operation. 


modulate this signal is connected through a mica blocking 
capacitor from the resonant rod of this circuit to the side 
wall of the filter housing and supplied with 120'megacycle 
modulating signal from the local oscillator. The second. 
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third, and fourth rods from the right are the coupled 
adjustably tuned circuits L-116, L-117 and L-118 of the 
1380-megacycle band-pass filter proper, which has a pass 
band 24 megacycles wide to allow both for modulation and 
for frequency drift of the transmitter. 

The first rod from the left is a circuit driven at a 
tapping point of suitable impedance by the coaxial line 
from the receiving antenna and tuned to ISOO megacycles by 
the adjustable stub C-108. Second from the left is a 
circuit which is tuned to 1500 megacycles by the stub C-107 
and is coupled both to the 1500 -megacycle receiver-input 
circuit and to the 1380-megacycle heterodyne- signal filter. 
Tbe 1N21 crystal rectifier serving as first detector is con- 
nected through a mica insulating capacitor from this mixing 
circuit to the wall of the filter housing, and from it is 
taken the 120-megacycle intermediate- frequency output of 
the unit. 

Coupling between the six tuned circuits is controlled by 
the adjustable rods Z-101 to Z-105 to achieve the desired 
band-pass and input- loading characteristics. Mixed induc- 
tive and capacitive couplings of opposing sense are present 
between adjacent circuits. Enlargement of the end of the 
resonant rod of filter circuit L-117 alters the proportions 
of capacitive and inductive coupling. This rod is so 
dimensioned that its couplings of the two types are just 
equal and opposite at 1500 megacycles, ^ile the inductive 
component predominates at 1380 megacycles. The filter is 
thus given a strong rejection band at the transmitter fre- 
quency. Four holes seen in each wall of the housing are 
for shorting rods between front and rear wall, which 
prevent propagation across the filter by wave- guide action 
of third and higher harmonics present in the transmitter 
output, without affecting normal operation of the filter. 
The side-band filter in its 515-megacycle version uses three 
ordinary coil- and- condenser circuits and works into a 
balanced- diode first detector. 

Low-frequency signals developed at the mixer by stray 
amplitude modulation of transmitter or local oscillator are 
stopped by the side-band filter, while similar signals 
developed by the first dector due to modulation of the 
heterodyning signal do not pass the in termed! ate- frequency 
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amplifier. Thus, the interference- rejecting properties of 
the balanced detector are obtained without critical balance 
conditions, and the design convenience of intermediate- 
frequency gain is made available as well. Side-band filter 
adjustments have proved satisfactorily stable. Strong 
rejection of the transmitted frequency by the side-band 
filter is essential; leakage of such signal is equivalent to 
cross coupling between antennas, and may cause much trouble 
if appreciably modulated in amplitude. A special crystal- 
size diode*"^ was developed for use as a side- band- forming 
mixer in this system to avoid crystal burn-out, but the 
opportune appearance of hi^-bum-out crystals made unnec- 
essary the use of these diodes. 

If the secona detector, in which 120-megacycle signal 
output from the i-f amplifier is mixed with direct signal 
from the 120-megacycle local oscillator, is balanced 
against the local-oscillator signal, low-frequency detector 
output due to stray modulation of the local oscillator may 
also be avoided. Such balance against a single- frequency 
signal at 120 megacycles is stable and easily produced; it 
was used successfully in the 30*megacycle i-f system of the 
515-megacycle equipment. In general, the side-band super- 
heterodyne system is more complex in construction but less 
critical and more stable in operation than the simple 
balanced-detector system.*® For use against multiple 
targets, the local heterodyning signal at both first and 
second detectors must be much greater than any received 
signal. This is necessary in order to avoid beat notes, 
representing "ghost” targets, caused by in ter- modulation of 
signals received from the various real targets. 

c. Signal Following Superheterodyne. Still another 
special type of superheterodyne well adapted to f-m radar 
use is one in which the local oscillator is made to follow 
the frequency modulation of the transmitter by automatic 
frequency control. This system has been used successfully 
in e 3 q)erimental 4000 -megacycle equipment. Like the side- 
band superheterodyne, it discards the wide sweep of radio- 
signal frequency after this sweep has served its purpose, 
and so permits use of a relatively narrow-band i-f ampli- 
fier. 

Fig. III. -26 is a block diagram of such a signal- follow- 
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ing superheterodyne. Signals from the frequency-modulated 
transmitter and the controllable- frequency local oscillator 
are applied to a crystal mixer and the difference- frequency 
output of the mixer is amplified. The amplified difference 
signal is applied to a frequency discriminator, which 
produces a positive or negative control- signal output 
according to whether the difference- signal frequency is 
higher or lower than 30 megacycles. This control signal is 
fipplied to the reflector electrode of the local oscillator, 
a reflex klystron, and serves to maintain its frequency 
always substantially 30 megacycles lower than the modulated 
transmitter frequency. 

TRANS. 



Fig. III. • 26 * Block diagram 
of signal- following 
superheterodyne. 

Receiver signal and local-oscillator signal are applied 
to another mixer, the first detector of the receiver it- 
self, vhich also develops output at a frequency of 30 mega- 
cycles. This intermediate- frequency signal is amplified 
and, along with the i-f signal from the control channel, 
is applied to still a third mixer, the second detector 
of the superheterodyne system. Second- detector out- 
put is at the desired radar range and Dopplej speed 
frequencies. 

Naturally, the automatic frequency control is not 
perfectly effective, since control signal is required and 
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can only occur if the frequency difference between trans- 
mitter and local oscillator departs somewhat from the 
intended 30 megacycles. This behavior is illustrated by 
graphs (a), (b), and (d) of Fig. III. -27, showing fre- 
quency variation with time for, respectively, transmitted 
and received signal, local oscillator, and transmitter- 
local-oscillator difference, which is the control -channel 
intermediate frequency. Similarly, graph (c) shows the 
received-signal-local-oscill ator difference, the inter- 
mediate frequency in the signal channel; this is seen 
to depart cyclically from 30 megacycles as a result of 


TIME 



imperfect frequency control. In the second detector, how- 
ever, signals (c) and (d) are combined and the signal- 
following imperfections of the local oscillator cancel from 
the final difference- frequency output shown by graph (e) of 
the figure. 

Because of the intermediate- frequency modulation result- 
ing from imperfect following, it is necessary that the two 
i-f amplifiers have the same phase-shift versus frequency 
characteristic. Failure to meet this condition will result 
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in spurious range beats when the amplifier outputs are 
combined. Non-linearity of the frequency- control charac- 
teristic of the local oscillator, however, does little harm 
because its effects are cancelled when the two intermediate 
frequencies are subtracted. As in the side-band super- 
heterodyne, use of a balanced second detector eliminates 
certain types of interference or noise. 

6. BEAT- Frequency Amplifiers 

a. Single^Target Systems, The final element of the 
radio portion of an f-m radar system, as distinct from the 
indicator or other data-utili zing portion, is the amplifier 
for the (relatively) low-frequency beats between trans- 
mitted and target- echo signals. It is advantageous for 
this amplifier to have certain special characteristics, 
suited to the types of target and operation for which the 
system is intended. 

If a single target is to be indicated at widely variable 
range, wide variations in received- signal strength are to 
be expected, along with variations in range-beat frequency. 
Signal-strength variations can in such cases be greatly 
reduced if the gain of the low-frequency amplifier is made 
to depend on frequency in the proper fashion. P.ange fre- 
quency varies linearly with range, while signal strength 
(amplitude) received by an altimeter varies inversely with 
altitude [see equation (11.34) or (11.35)]. By making 
amplifier gain increase linearly with increasing frequoicy, 
that is to say by giving the amplifier gain- frequency 
characteristic a slope of 6 decibels per octave (2:1 fre- 
quency change), the final signal-output level may be made 
independent of altitude above ground of constant reflecting 
characteristics. To continue this gain increase indefi- 
nitely, however, would increase the noise level without 
giving any compensating advantage. Amplifier gain should 
therefore be made to decrease with increasing frequency, as 
r^qpidly as is practicable, for all frequencies above that 
corresponding to the highest altitude to be indicated. 

For a target of limited area, reflected- signal ampli- 
tude varies inversely as the square of the range [equation 
(II.33)]» so a signal strength independent of range from 
such a target would require a beat- frequency gain increas- 
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ing with frequency at 12 decibels per octave. In practice, 
a compromise slope of about 9 db. per octave has been found 
most desirable for such targets. Again, a rapid gain cut 
above the maximum anticipated range frequency is desirable. 
If operation is required only at ranges exceeding a definite 
minimum value, a rapid decrease in gain is desirable for 
frequencies below that corresponding to minimum range. 
TTiis is especially irrportant because of the strong signals 
at very low frequencies that can be produced by micro- 
phonics, stray amplitude modulation of the transmitter, 
modulation of feed-through signal, or unwanted altitude 
signal. 

To ensure proper operation of all vacuum tubes in the 
presence of strong signals, it is advisable to provide for 
automatic gain control actuated by the level of the final 
output signal. Where the desired rising gain- frequency 
characteristic is obtained by selective feed back, the 
further advantage of having the automatic gain control vary 
the shape as well as the level of the gain characteristic 
may be obtained. This results in selectively reducing gain 
at the highest frequencies, so reducing the noise bandwidth 
of the system and improving signal- to-noise ratio for 
strong signals. A further advantage of this automatic 
response control is that, in the presence of a strong near- 
by target, it discriminates against interference from 
distant targets which may happen to lie in the line of 
transmission. Response control to discriminate against 
distant targets and high-frequency noise may alternatively 
be based on range-beat frequency rather than signal 
strength, hi frequency gain being progressively reduced 
as target range decreases. 

Gain- frequency characteristics of a typical beat- 
frequency amplifier for altimeter operation are shown by 
Fig. III. -28 for three values of gain-control bias. Strong 
reduction of gain at very low frequencies is obtained from 
properties of the input- coupling transformer fed by the 
detector, as well as by use of low-valued screen-grid 
bypass capacitors and inter-stage coupling capacitors. 
High-frequency gain cut is also obtained by use of input- 
transformer properties, as well as by shunt capacitance to 
ground in plate and grid circuits. Sloping response 
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in the operating region results from the application of 
degenerative feed back, through a low- pass circuit, to one 
amplifier stage, and reduction of gain by increased bias on 
this stage alone serves to change the shape of the overall 
characteristic in the way shown. 



Fig. III. - 28 . Typical response characteristics 
of altimeter neat- f requency amplifier. 

In another type of single- target operation, a control 
output is to be produced when a fairly definite range 
frequency occurs. This calls for a different gain- frequency 
characteristic. Useful signal is required only for ranges 
near that foi* control actuation, or sufficiently greater to 
permit circuit transients caused by initial sigial rise to 
die out before such actuation occurs. The required charac- 
teristic is of a more or less flat- topped band-pass type, 
with the steepest practicable decrease in gain at fre- 
quencies above and more especially below the pass band. 
The pass-band width must be sufficient to accommodate 
anticipated shifts due to speed variation, and its limits 
should not depend upon signal level. 

b. Multiple Targets. The properties of a beat- 
frequency amplifier for multiple- target indication will vary 
widely in accordance with the particular method of opera- 
tion used, but will always remain those of a wave analyzer 
of some sort. If simultaneous analysis on all frequencies 
is required, many parallel-input, sharply tuned fixed 
selective channels will be needed, each one capable of 
signalling the presence or absence of a target within 
predetermined range limits. Each selective channel corre- 
sponds to a fixed range gate in pulse- radar technique. If 
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sequential analysis is permissible, thtfi a single sharply 
selective amplifier must be made to scan the range- frequency 
band. This may for example be done by variable heterodyne 
means as in most commercial wave aialyzers. Alternatively, 
a fixed- tuned amplifier may be used and the spectrum of radar 
range-beat frequencies may be made to scan across the 
narrow amplifier pass band, by variation of either the 
repetition frequ»icy or the frequency swing of the radar 
modulation. 


7. ^^OTATION ANP REFERENCES 

a. Notation^ The algebraic notation listed alpha- 
betically below has been used in this chapter. 

B Qrcuit susceptonce. 

B Circuit susceptonce resulting from motion of free 

^ electrons. 

C Circuit capacitance, usually with subscript to 

identify particular capacitor. 

d Separation of electron-deflecting plates. 

D Distance traveled by electrons in alternating 

electric field. 

e Charge of electron. 

E Amplitude of electron- de fleeting voltage; also, 

supply voltage for modulation generator. 

£ Electron-beam accelerating voltage, 

o 

f Frequency. 

f Natural oscillation frequency of magnetron; also, 

° resonant frequency of electron-beam deflecting 

circuit without electron beam. 

/ ,/ Frequency characterising effect of resonant circuit 

^ * coupled to magnetron (near resonant frequency of 

coupled circuit). 

f Cyclotrov frequency of electron revolution in 

® magnetic field. 

Frequency of modulation. 

/ ,/ Radar beat frequencies due to target range and 

^ ® speed respectively. 

A/ C!hange in resonant frequency produced by electron 

beam. 

G Circuit conductance. 

G Effective conductance of magnetron and coupled 

® load. 

G Circuit conductance resulting from motion of free 

® electrons. 

H Strength of magnetic field. 

I Electron beam current, 

o 
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k Coefficient of circuit coupling. 

L Circuit self inductance, usually with identifying 

subscript. 

m Mass of electron. 

M Mutual inductance. 

Q Selectivity factor of circuit, used with identi- 
fying subscript. 

r Circuit resistance, usually with identifying 
subscript . 

T Time of electron transit through field, 
if Width of bond swept in frequency modulation. 

X Fractional detuning of circuit coupled to magnetron. 

y Fractional change in oscillation frequency pro- 

duced by coupled circuit. 

Y Circuit admittance. 

0 Phase difference between electron motion and field 

alternation accumulated in transit of electron 
through field. 

O) 277 £• 
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CHAPTER IV. 


APPARATUS FOR UTILIZATION OF 
F-M RADAR DATA 

1. General requirements 

Output from the radio portion of frequency -modulated 
radar equipment is in the form of beat-note signals at 
frequencies determined by target range and relative speed 
of radar and target, as explained in Chester II. Ihis is 
complete data but is not in directly useful form. Such 
data must be converted to currents, voltages, shaft posi- 
tions or relay operations for single targets, or into a 
frequency spectrum display for multiple targets, in order 
to be directly useful. The following discussion of means 
for data conversion and utilization will relate mostly to 
single- target operation, which has been investigated much 
nore extensively than has the case of multiple targets. 

2. AVERAGING Cycle-Rate Counters 

a. Basic Principle. The principle, of the data- 
con verting element that has seen most use is very simple. 
This device serves to produce an output current of average 
value proportional to the frequency of the input and may be 
represented by the simple circuit of Fig. IV. -1. Switch 


C 



Fig. IV. -1. Basic 
cycle-rate counter. 


Sw is driven synchronously by the signal to be measured, 
making contact in each position once per signal cycle. 

\Vhen contact is made in position 1, capacitor C charges 
rapidly through meter M to voltage supplied by the 
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battery, receiving a charge 

(IV.l) 

Wien contact is made in position 2, this charge is dis- 
charged in a surge or pulse of current. This sequence of 
operations is repeated for each cycle of the frequency to 
be measured, or / times per second, so that a total charge 
fq passes through the meter per second. The average 
current through the meter is therefore 

i=/C£ . (IV.2) 

A 100 -micromicro far ad capacitor charged to 100 volts 100 
times per second, for exonple, passes an average current of 
1 microampere. 

Since the meter current consists of a sequence of 
pulses, one per cycle of switch operation, and has an 
average value proportional to the time rate of recurrence 
of these cycles, the circuit of Fig. IV. -1 may be described 
as an "averaging cycle-rate counter." This circuit will 
hereafter be called for brevity simply a counter. It 
should not be confused with other devices, of the nature of 
electrical ratchets, to which the name counter is also 
applied. The averaging cycle- rate counter is an absolute 
frequency-measuring device, with accuracy depending only on 
the current- indicating accuracy of the meter and on the 
accuracy of the circuit element C and supply voltage 
So long as the capacitor has time to charge and discharge 
fully at each operation, duration of closing of the switch 
is immaterial. 

N!echanical switching is of course impracticable for the 
measurement of any reasonably high frequency. An elec- 
tronic analogue of the circuit of Fig. IV. -1 is therefore 
used, as shown by Fig. IV. -2- A strong signal at the 
frequency / to be measured is s^plied to the grid of the 
switching tube or limiter V . Capacitor C is either 
charged through resistor r^ , ^iode and meter M, or is 
discharged through limiter and diode V , as is 
alternately made non-conducting or highly conducting by the 
signal applied to its grid. Tlie diodes provide separate 
channels for charging and discharging currents, so that 
either current alone may be passed through the measuring 
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instrument. Resistor r slows down the charging of C but, 
so long as K always remains non-conducting for a sufficient 
interval to permit C to become fully charged, the value of 
does not affect the counter output. 



SIGNAL AT 
FREQ/ 


Fig. IV. -2. Electronic cycle- rate 
counter. 

When one of these counters is fed a sipnal whose fre- 
quency alternates between two values, as does the beat- 
note output of a radar with symmetrical- sawtooth frequency 
modulation when operating against a moving target, the 
counter- output current will be a measure of the average 
of the two input frequencies. For target range and speed 
so related to the radar characteristics that range fre- 
quency exceeds speed frequency, the counter will measure 
range. For cases in which the speed frequency is the 
greater, the counter will measure speed. For more compli- 
cated beat- frequency variations, such as result from 
non-linear frequency modulation of a radar signal, the 
counter will still measure the time average of its input 
frequency. 

Production of a current proportional to frequency by 
repeated charging of a capacitor is a very old and well 
known procedure. Circuits similar to that of Fig. IV. -2 
are the basis for the wide range, di rect- indicating fre- 
quency meters now marketed by many instrument manufacturers. 
One point of technique is important in their use: no 
appreciable leakage in either diode or in the counter 
capacitor is permissible. 

b. Non-Linear Form. Currents of a few nicroanperes 
are not suitable for actuating rugged data-utilizing or 
indicating elements. Passage of the outptit current of 
an averaging cycle- rate counter through a large resistor 
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in order to develop a significant voltage, however, modifies 
the action of the counter, fig. IV. -3 shows a counter 
developing a voltage output e across a load resistor r. 



Fig. IV. -3. Non-lineai counter. 

Capacitor provides integrating action to average the 
current pulses from the counter so that a smoothed voltage 
will be developed; this replaces the smoothing effect 
provided, in the simpler current-indicating circuit of 
Fig. IV. -2, by mechanical inertia of the moving parts of 
the meter M. 

Because of the presence of output voltage e, the net 
voltage available to charge capacitor C is only E -e, so 
that 

i=e/r=/C{£ -e). (IV.3) 

Solving for e, this gives 

«=£//[/- Vrc]. 

Hiis voltage output varies in non-linear fashion with 
frequency, as shown by the graph of Fig. IV. -4* 



Fig. IV. - 4 . Output characteristic of 
non-linear counter. 

The non-linear counter, with its high sensitivity at 
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low frequencies and saturation characteristic at high 
frequencies, may be quite useful for special purposes. In 
general, however, a linear characteristic is preferable. 

c. Linear Form. A counter developing significant 
voltage across an output resistor may nevertheless be made 
to have an accurately linear relation between input fre- 
quency and output voltage. This is done by returning the 
discharge diode to a point maintained by some external 
means at the counter -output voltage, rather than to a fixed 
zero-voltage point. A cathode follower provides a simple 
and suitable means of maintaining a low-impedance return 
point at substantially counter- output voltage. Fig. IV. -5 
shows the circuit of the linear counter so obtained, which 



has the further advantage of providing a useful voltage 
output at low impedance. While limiter is non- 
conducting, capacitor C becomes charged to voltage E^^e. 
While is heavily conducting, C becomes charged to 
voltage 0-e. The net change in charge per cycle is there- 
fore CE^, which is independent of output voltage c, and 

e= frCE^ . (IV. 5) 

In normal operation, the cathode of follower tube 
will run at a more positive voltage than the grid, in order 
to provide with suitable bias. Discharge diode must 
therefore be returned to a tap on cathode resistor in 
order to see a voltage equal to the output voltage e. Grid- 
cathode voltage on must vary to cause the cathode voltage 
to follow variations in grid voltage c; this imperfection in 
following action results in slightly imperfect counter 
linearity and may be serious in highly critical applications. 
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Referring to the simple circuit Fig. IV.-2, diodes V and 

may be seen to be connected in series in a closed foop, 
with aiding polarity. Because of the internal voltage drop 
caused by finite electron-emission velocities and inter- 
electrode contact potentials in each diode, a current would 
circulate in this loop even if the switch tube should 
remain permanently non-conducting. When switching, this 
current will prevent proper separation of capacitor charg- 
ing and discharging circuits; it will therefore vitiate 
readings of meter , and must be elimiiiated. This may be 
accomplished, in the circuit in question, by returning the 
plate of F to a suitable fixed negative voltage rather 
than to ground. 

With a cathode follower acting to maintain cathode of 
diode and anode of diode at the same voltage in the 
linear counter of Fig. IV. -5, a similar difficulty from 
diode- loop currents would occur. One remedy is to connect 
the counter- return lead to cathode resistor r at a point 
having a voltage lower than grid voltage e £y an amount 
exceeding the total internal potential of both diodes. 
Further departure from ideal operation occurs because 
switch tube never becomes perfectly conducting. 
therefore has some small residual voltage drop across 
it even when most conductive. 

Taking the residual limiter drop into account, as well 
as the voltage di^erence of cathode -follower grid above 
diode- return tap and the internal voltage of each diode, 
the actual voltage to which C charges is i-(e-ej) and its 
discharged voltage is (e- The net capacitor 

voltage change is 

E' ^E-E- e +2e., (JV.6) 

O O 1 « 1 

which is again independent of e ( does actucdly depend 
somewhat on e as a result of cathode- follower action, how- 
ever). It is rather than E^ which should really c^pear 
in equation (IV. 5), but except for this change that 
equation remains valid for real, inperfect vacuum tubes. 

In f-m radar use, for the case of range beat-note 
frequency greater than speed beat-note frequency, the 
average frequency throughout the modulation cycle is the 
range frequency /^, and for such use this is the frequency 
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that should appear in (IV- 5). The linear counter fed with 
such a signal may be called a range counter and, from 
(IV. 5) using as given by (IV. 6), will exhibit a range 
counter sensitivity of 

h^^rCE^ (IV. 7) 

K no 

volts per cycle per second. This sensitivity may be 
adjusted by varying any one of its three factors; each type 
of control has found practical use. For the case of speed 
frequency exceeding range frequency, on the other hand, the 
counter output would represent speed rather than range. 

The linear counter of Fig. IV. -S is a very useful and 
flexible device. Controlled non-linearity may be introduced 
by tapping the plate of discharging diode further down 
on the cathode resistor and making use of the consequent 
increased variation of with e. Tliie circuit as shown of 

a 

course produces a positive voltage output. Negative incre- 
mental output due to operation of the counter may be 
produced instead by feeding load r and cathode- follower 
grid from the plate of rather than from the cathode of 
as shown. In this case, the cathode of charging diode 
will be returned directly to the cathode of so that 
the grid-cathode voltage of the latter will be applied 
with proper polarity to oppose the internal potentials of 
the now-reversed diodes. Equation (IV. 6) for effective 
swing E'^ still holds for the negative-output counter, if 
now represents voltage difference of follower cathode 
above follower grid. Counter load r will not be returned 
tx» ground but to a fixed positive voltage producing cathode- 
follower operation in a suitable plate-current range. 

d. Null Form. Very accurate frequency measurement 
may be realized by using a null or slide-back counter 
circuit such as is shown by Fig. IV. -6. In this arrange- 
ment, a negative-output counter has its load resistor 
returned to a variable tap on a voltage divider or poten- 
tiometer r^, fed from the same voltage source which 
supplies the plate of the limiter For any particular 

input frequency /, output voltage e may be made zero by 
adjusting the potentiometer to apply an appropriate 
fraction x of the supply voltage E^ to the load resistor r. 
When e is zero and counter-output current is i. 
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i ^fCE^ ^xEJr 
and cancelling E^, 

x^frC. (IV.9) 



Frequency m^^asu remen t with a null -type counter is 
seen not to depend on supply voltage E^, a considerable 
practical advantage. Actually, the charging-diode cathode 
must be returned not to ground but to a positive voltage 
sufficient to overcome the combined internal diode poten- 
tials and prevent parasitic current flow in the absence of 
limiter switching. Tlie voltage applied to the potentiometer 
for proper compensation of supply- vol t age variation should 
therefore not be just E^ but rather the actual voltage 
swing impressed on C, which corresponds to the E^ of 
equation (IV. 6), 

So long as the current ^^7^2 through the potentiometer 
is much greater than the counter current i, the division 
ratio X of the potentiometer is independent of i and 
dependent only on potentiometer setting. Under this condi- 
tion, accuracy of null frequency measurement depends only 
on accuracy of voltage-divider calibration and of the fixed 
circuit elements C and r, as well as on the sensitivity of 
the null indicator used when adjusting net output voltage 
to zero. Except in the matter of sensitivity, inpedance 
of the null indicator is not important. 

Of course, adjustment of the tap on to reduce 
e to zero may be made automatically and continuously 
by a servo mechanism. Load resistor r might alternatively 
be returned directly to supply voltage E^ and balance 
obtained by varying This would give a device with 
a reciprocal or hyperbolic rather than a linear fre- 
quency scale. Actually, with small vacuum tubes the 
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value of r must be of megohm order and the lack of any 
accurate and reliable variable high resistor renders such 
a modification impracticable at present. 

For zero output voltage e, divider-ratio setting x 
varies strictly linearly with counter- input frequency /. 
For a constant divider setting, however, output .e varies in 
non-linear fashion with input frequency. Taking account of 
any finite output e gives 

/C(£' +e) =(xE^ -€)/r (TV. 10) 

o o 

instead of (IV.8). Equation (IV. 10) may be solved for e 
to give 

which is rather similar to the output variation (IV, 4) of 
the simple non-linear counter. 

In null operation, this non-linearity represents only a 
dependence on frequency of null sensitivity to variation of 
either frequency or voltage-divider ratio; it can cause 
considerable inconvenience but does not impair accuracy 
except by decrease of indicator sensitivity. Even the 
addition of a linearizing cathode follower fails to prevent 
entirely this sensitivity change when operation over a wide 
frequency range is required. Sensitivity variation by no 
means prevents the null type of counter from being a very 
useful and generally satisfactory device. 

e. Effect of Smoothing. In the case of steady input 
frequency, the smoothing capacitor has no effect on 
counter output except to reduce voltage ripple at the 
frequency being measured. An important field of use of f-m 
radar, however, involves ranges decreasing unifonnly with 
time and correspondingly requires determination of a 
frequency decreasing uniformly with time. For this case, 
the effect of is more serious; it may most conveniently 
be investigated for the linear counter with cathode 
follower. 

Counter -output current i, given by equation (IV.2) above 
and made independent of output voltage e by the cathode 
follower, flows into load resistor r and smoothing ci^acitor 

in parallel (see Fig. IV. -5). Resistor current is 
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proportional to voltage and capacitor current to rate of 
change of voltage across the parallel combination, so that 
total current 

i=-+C^ = fCE'. (IV.12) 

r o at ^ o 

Let / change with time at a uniform (negative) rate /, 
reaching a reference value / at time t so that 

f-f.*h<-o. " 

From (IV.12) and (IV. 13), 


de e 
dt^ tC 


g-t/rCo 



Diis differential equation has the solution 

* ■ 4 K + /( t - to > '■GE; +/(€ " » (IV. 15) 

where K is a constant of integration. 

Let counting start at the zero of the time scale, vdiich 
is so chosen that t>> rC for the interval of interest near 

o 

The transient esqponential term of equation (TV. 15) may 
then be neglected. For a steady input frequency f^, 
counter output c would have the value rCE * , From equa- 
tion (IV. 15), it is clear that in the case of uniformly 
decreasing frequency this value of output voltage will only 
be reached at time 

t = t +rC (IV. 16) 

O Of 

-although the frequency was reached earlier at time t . 
That is, the presence of the smoothing capacitor causes the 
counter-output voltage to follow a linear time variation of 
input frequency with a constant time lag equal to the time 
constant rC of the load circuit, once the starting tran- 

O 

sient has died out. 


f. Limiter Circuits. Limiter or switching tube 
has been shown in the preceding figures as a triode for 
simplicity, but such a tube is not actually satisfactory 
for this purpose. Even thou^ electron plate current may 
be cut off by negative signal on the grid, further changes 
in grid voltage can still affect plate voltage of a triode 
slightly by direct capacitive coupling within the tube. 
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At the other end of the signal swing, the minimum plate 
voltage reaching the triode through feed resistor 
depends on the maximum voltage reached by the grid, so that 
plate-current limiting occurs only as a result of limiting 
the positive grid- voltage swing. Py making the resistance 
of the grid-driving signal source very high, the positive 
swing of the grid voltage can indeed be limited by the 
onset of grid current; however, this still does not provide 
a highly definite minimum plate voltage to control the end 
point of the discharge of counter capacitor C. 

In the case of pentode or beam- tetrode tubes, a much 
more favorable condition exists. Negative grid- voltage 
excursions beyond the point of plate-current cut off 
produce no appreciable effect on plate voltage, so that the 
counter capacitor may be charged just to the full supply 
voltage. Given a sufficiently large resistance , sub- 
stantial coincidence emong the lower portions of the plate- 
current versus pi ate- voltage characteristics of such tubes 
for various grid voltages indicates that the minimum plate 
voltage reached is independent of the maximum grid voltage. 
This insures a definite voltage level to which the counter 
capacitor must discharge. 



Fig. IV. -7. Pentode characteristics 
(6SH7 tube) . 

Fig. IV. -7 shows a typical family of pentode plate 
characteristics, together with the load line for a suitable 
feed resistor. The plate voltage occurring for any particu- 
lar grid voltage is that at which load line and appropriate 
plate characteristic intersect; it may be seen to reach a 
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minimum which is independent of grid voltage for all 
grid voltages above -1. A lower feed resistance such as is 
represented by the dashed load line of the figure fails to 
produce such a definite result, plate voltage continuing to 
depend on grid voltage ri^t up to the grid- current point. 

Varying screen voltage alters the plate characteristics 
in much the same way as does varying grid voltage, so that 
minimum plate voltage is also reasonably independent of 
screen voltage. Tn fact, the pentode plate circuit at 
low voltage behaves very much like a simple resistor of 
definite and rather low value. Wfi th a pentode limiter 
driven by a large signal on the control grid, an accurately 
flat- topped pi ate- voltage wave is therefore produced. Plate 
voltage swings between the definite limit set by the 
voltage supply and the definite limit E set jointly by 
supply voltage, pi ate- feed resistance an Si tube character- 
istic. Two ptfitode- limiter stages in cascade give a still 
more accurate result. 

To provide sufficient time at minimum plate voltage for 
complete discharge of the counter capacitor on each signal 
cycle, the voltage of a sinusoidal input signal must swing 
much more positive than the grid-current point of the 
limiter. This requires a high- impedance driving source in 
order to avoid excessive peak grid current. A large 
negative over- swing of grid voltage is also necessary to 
insure complete charging of the counter capacitor. In 
case capacitive coupling to the limiter grid is used, the 
un symmetrical flow of grid current will make limiter bias 
depend on signal amplitude. This variation of bias is 
inconvenient and may affect unduly the exact lower limit 
of plate voltage. Bias change may be minimized by the 
input connection of Fig. IV. -8(a), with much less than 
. It may be practically eliminated by the circuit of 
Fig. IV.-8(b), in which the diode plate is returned to a 
fixed voltage lower than the plate-current cut-off voltage 
of the limiter grid, so that while the useful limiter- grid 
swing is not affected the diode current will balance the 
effect of the grid current. 

Where accurate control of the limits of output- voltage 
swing is required, with output swing accurately propor- 
tional to supply voltage, the double cathode- follower 
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limiter of Fig. IV. -9 is useful. It also provides very 
low output impedance to insure full charging and discharge 
ing of counter capacitor C at high operating frequencies. 




Fig. IV. *8. Liniter input circuits. 

When limiter V is cut of!, output voltage is maintained at 

a predetermined fraction of st^ply voltage by acting as 

a cathode follower; V is then cut of!. When limiter V is 
® 1 



at minimum plate voltage, output voltage is maintained at 
a separately predetermined fraction of supply voltage by 
acting as a cathode follower; is then cut of!. Ihis type 
of limiter pennits very accurate compensation of a null- 
type counter against supply- volt age variations. 

In certain cases, noise or interfering signal of much 
higher frequency than the desired signal may be present in 
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g. Fixed Error. Averaging cycle- rate counters indi- 
cate the average frequency with which the limiter- input 
voltage passes in one direction through the range between 
cut of^ and grid current. With large input signals and 
strong limiting, this must occur an integral number of 
times in each cycle of the modulation of an f-m radar, so 
that the momentary counting rate is necessarily an integral 
multiple of the modulation frequency. When range is 
strictly constant, this fact gives rise to systematic 
errors of indication,^ already briefly mentioned in section 
4k of Chapter II. , which must now be studied more closely. 

Consider a radar operating at average radio frequency F^ 
and modulated to sweep a total frequency band of width W. 

Tlie number o{ standing waves between radar and target at 

range R for frequency F^ will be 

N ^2R/k -(2/c)F R. (IV. 17) 

The change AN in number of standing waves produced by the 
modulation sweep of width W will be 

dN =(2/c)(f +K W)R-(2/c)(F^-% W)R- (2/c)m. (IV. 18) 

That is, 

AV=2fi/\=V,. (IV. 19) 

where N^ is the number of standing waves for a sweep wave 
length that would exist between radar and target if a 
radio signal of frequency W were transmitted. It should 
be noted that AN depends neither upon radio frequency 
F^ nor upon modulation frequency but is completely 
determined, for a given propagation velocity c, by sweep 
width W and range R. Change Avp in phase of received 
echo relative to direct mixing signal, causedby modulation, 
is sinnply QttAN radians. 

The output of the radar receiver will vary, during each 
single sweep of transmitter frequency, in accordance with 
the envelope or profile of a portion of the standing-wave 
pattern extending over AN cycles, since that much of the 
pattern moves past the receiving antenna. This is true 
even though the output may be generated artificially in 
the receiver, by mixing with the received signal another 
signal taken directly from the transmitter as described 
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in section 5 of Chapter III. A minor difference between 
the receiver-output variation and the resul tan t- signal 
amplitude variation at the receiving antenna is that the 
latter is determined by the range from transmitting antenna 
directly to receiving antenna and the range from trans- 
mitting to receiving ^antenna by way of reflection at the 
target, while the receiver output depeids rather upon the 
fixed range equivalent of the antenna lines and mixing- 
signal path and upon the target range. The output signal 
may also be regarded as caused by variation, during modu- 
lation, of the phase of echo- signal voltage with respect 
to mixing-signal voltage i^i the receiver. 

To study the way in which errors in indicated range 
can occur, it is convenient to examine in detail an example 
of the way in which radar output and counter output vary 
with range for a special case. The case chosen here is 
that of a total modulation of 5 per cent of the radio 
carrier frequency, and of reflection from a plane, perfectly 
conducting, perfectly stationary target. For the case 
chosen, F is 20^ and is 20k . Because it simplifies 
the situation to do so but does not alter the results in 
any significant way, variation of sigial strength with range 
will be neglected. 

Fig. IV. -11 shows, at (a), the profile or amplitude 
envelope of the electric-field standing-wave pattern under 
the special conditions chosen, for raiges up to 15 r-f wave 
lengths (30 standing waves), or % sweep wave length, from 
the target. Siort vertical strokes mark a set of selected 
(and numbered) fixed ranges, and about each of these a heavy 
section indicates the region of the pattern swept or scanned 
in modulation. At (b) are shown, for the selected ranges, 
vector diagrams of local mixing (reference) signal e , tar- 
get-echo (received) signal and their resultant e whose 
magnitude controls low-frequency radar-output voltage. 
Section (b) also shows the limits of relative-phase change 
A0 resulting from modulation, which correspond to the 
scanned regions of the standing wave. Section (c) of the 
figure shows the selected scanned standing-wave segments 
enlarged, representing the beat-note output wave form of 
the final detector of the radar either with or without a 
flat amplifier. Section (d) shows the corresponding output 
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of the limiter, Wiich changes only during those portions of 
its input signal (c) lying between the dashed lines. 

The type of beat-note amplifier used in altimeters, 
having a gain which increases with frequency at 6 decibels 
per octave (that is, per 2:1 increase in frequency), pro- 
duces as output the derivative with respect to time of the 
input signal. DifTerentiated- signal wave forms as produced 
by such an anplifier are shown in section (e), and limiter 
output with differentiated input in section ( f ) .of the 
figure. Each small arrow in section (e) or ( f) indicates 
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Fig. IV. -11. Occurrence of fixed error, for the case 

f=F/20. 

o 

occurrence of one count. Sections (g) and (h) show 
averaged counter output, measuring beat-signal frequency, 
for signals from a flat amplifier [section (c)] and a high- 
boosting amplifier [section (e)] respectively. 

For extremely short ranges, only a very small fraction 
of a standing wave is swept over the radar during modula- 
tion. Hie output wave for almost any very short range 
therefore has the triangular form shown in section (c) for 
radar position (1), to which corresponds the square wave 
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from the differentiating amplifier shown in section (e). 
Sections (d) and ( f) show that the corresponding limiter 
output has the original modulation frequency / for either 
type of amplifier. If, however, the radar is Tocated just 
at the peak of a standing wave as in position (2)r its 
direct output will have the sharply cusped form shown in 
section (c) for that position, while the differentiated 
output has the sawtooth form of the slope of the cusped 
curve, as shown in section (e). Sections* (d) and (f) show 
that a count is registered twice per modulation cycle for 
either type of aofjlifier, so that the counter output for 
position (2) indicates twice modulation frequency. In 
sections (g) and (h) is plotted the result that for extreme 
short ranges the counter indicates frequency independ- 
ently of range, except that for ranges of just an integral 
number of quarter r-f wave lengths twice modulation fre- 
quency is indicated. Because of the finite time required 
to reverse the motion of the modulator diaphraggi, actual 
output wave form does not have the perfectly sharp cu^s of 
the figure. 

As range increases, the regions of double frequency 
increase and those of single frequency decrease in width. 
At a range of 2^ r-f wave lengths (5 complete standing 
waves) or sweep wave length, the pattern motion covers 
just one quarter of a standing wave Points at or 

near integral quarter-wave*! ength ranges (echo- signal and 
mixing-signal vectors in line) still correspond to twice- 
modul a tion- frequency output and points near intermediate 
eighth- wave- length ranges (vectors at right angles) 
correspond to modulation- frequency output, with either 
amplifier. At such other intermediate points as (3), signal 
wave forms are as illustrated for that point: the flat- 
amplifier signal produces an indication of modulation 
frequency and the differentiated signal an indication 
of 2/_. Investigation of some slightly displaced points 
indicates that in this region near 2% wave lengths the 
flat amplifier gives a double- frequency output for just 
one fourth of the possible range values, while the differ- 
entiating amplifier gives double frequency for ju,st half 
the possible range values, as shown in sections (g) and 

(h). 
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By this time it should be apparent that whenever the 
portion of the standing- wave pattern moving past the radar 
as a result of frequency modulation includes one maxLinum or 
minimum (echo- signal vector moves once through line of 
mixing- signal vector), an output signal having a wave form 
somewhat resembling that at position (3) will be produced. 
When no extremum is passed (vectors do not align at all 
during modulation cycle) the output signal will somewhat 
resemble that for position (1). Cusped signals like those 
for positions (2) and (3) give rise with a flat onplifier to 
doubl e- frequency limiter output if both cusps cross as at 
(2) the region between the dashed lines, which represents 
the active portion of the limiter-input characteristic 
(this is usually adjusted to lie at the average value of 
the signal voltage), or to single- frequency output if only 
one cusp crosses this region as at (3). On the other hand, 
appearance of the second cusp at all in the original beat 
signal requires a reversal of si^al slope during each half 
cycle of modulation and so gives rise to double- frequency 
output from a differentiating arrplifler. 

At a range just under 5 r- f wave lengths or % sweep 
wave length, the pattern motion is just under % r-f 
wave length or just under % standing wave (relative 
vector-phase rotation just under 180 degrees). Double- 
cusped signals will result for any range in this region 
except that of position (4), which is analogous to position 
(1), so double- frequency differentiated- signal counter out- 
put will occur as plotted in section (h) for all such 
ranges except (4). Single- frequoicy limiter output will 
occur for just half the range values in this region with 
signal from a flat amplifier, as plotted in section (g). At 
ranges just over 5 r-f wave lengths or 10 standing waves, 
the range of pattern motion will be just over H of one 
standing wave. No more signal of the type found at 
positions (1) or (4) will be observed at these or greater 
ranges (echo-signal vector will thai always rotate through 
line of mixing-signal vector), so no further indication at 
frequency will be given by a counter driven from a 
differentiating amplifier. For most range values just above 
5 wave lengths, si^al of the position-(3) type will occur 
and the differentiating amplifier will produce a double- 
frequency count, while the flat amplifier will still produce 
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double* frequency counting for one half of the possible 
range values and single* frequency counting for the other 
hal f. 

For the particular range of position (5) a new type of 
beat*note wave will now appear, having again two cusps per 
modulation cycle but showing two reversals of slope instead 
of one per half cycle (echo*signal vector crosses line of 
mixing* signal vector twice per modulation sweep). This 
will produce single* frequency counting with a flat amplifier, 
but as shown by the wave forms of sections (e) and (f) for 
position (5) will result in a count of 3f^ if the amplifier 
gain increases 6 decibels per octave with increasing 
frequency. Thus the counter- output variation with range 
for this region still proceeds as in sections (g) and (h) 
of the figure, with section (h) entering a region of new 
behavior at a range of 5 r-f wave lengths or % sweep wave 
length. 

From 5 to 10 r*f wave lengths, wave forms of the same 
general type as those at positions (2)» (3) and (5) occur 
repeatedly, with the position (S) type becoming more and 
more prominent until just below 10 wave lengths the 
position-(2) or *(3) form, with blunted cusps, ippears only 
at integral* quarter* wave ranges. For all other ranges near 
10 wave loigths, the flat amplifier gives rise to counting of 
2f^ and the differentiating aiplifier to 3f^, 

Just beyond 10 r*f wave lengths or % sweep Wave length, 
with pattern motion just over % wave length or one whole 
standing wave, a position such as (6) produces another 
new wave form, with three reversals of slope per half 
modulation cycle, while position (7) produces a wave 
of the sort found at (5) but with both cusps extending 
across the active region of the limiter. Position (6) 
gives double* frequency counting with the flat amplifier but 
quadruple frequency (4/^) with differentiating amplifier, 
while position (7) gives triple frequency with either 
amplifier. For the flat amplifer, triple- frequency counting 
occurs just above 10 wave lengths only at ranges of an odd 
integral number of eighth wavelengths, with double fre- 
quency for all other ranges in this region. For the 
high-boosting amplifier, quadruple frequency is found in 
this region at integral-quarter-wave-length ranges and 
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triple frequency at all other ranges. Above 10 wave 
lengths, no further single- frequency counting occurs for 
the flat amplifier nor any double- frequency counting for the 
differentiating amplifier. Similar considerations for 
ranges between 10 and 15 r-f wave lengths lead to the 
remaining values of counter output plotted in sections (g) 
and (h) of the figure. 

Examination of the vector diagrams of section (b) of the 
figure will show that they follow two simple rules at all 
ranges. The variation A\/^ of relative phase during modula- 
tion depends only on the value of range in sweep wave 
lengths, and is just 4 7r radians or 720 degrees per sweep 
wave length. The average phase lag of the echo signal over 
the modulation cycle depends only on phase change at 
reflection and on range in average radio- frequency wave 
lengths, increasing hy in radians for each r-f wave length 
increase in range. In the case shown, the echo- signal 
vector oscillates during modulation about an in-line 
position for even-eighth-wave-lcngth (r-f) ranges, and 
about a quadrature position with respect to the mixing 
signal for odd-eighth- wave-length ranges. 

The results of this lengthy consideration of special 
cases can be stated more concisely, with reference to 
the counter outputs plotted in sections (g) and (h) of 
Fig. IV. -11 for various accurately constant ranges. In the 
example chosen, with sweep width H' set at Vfeo of average 
radio frequency F , the fundamental range region found from 
the special cases extended over 5 wave lengths lit F • But 
in general as well as in this example, the fundamental 
interval is one quarter of the sweep wave length c/W or 
corresponding to the frequency width If' of the band 
swept in modulating. 

The graphs indicate that a counter fed directly with 
beat-note signal from a flat amplifier must indicate either 
modulation frequency or twice modulation frequency and 
nothing else for any range from zero to one-half sweep 
wave length, indicating either twice or three times modu- 
lation frequency for ranges from one-half to three-quarters 
sweep wave length, three or four times modulation fre- 
quency for ranges from three-quarters to one sweep wave 
length and so forth. Similarly, a counter fed from a 
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differentiating amplifier must indicate either modulation 
frequency or twice modulation frequency for ranges from 
zero to one-quarter sweep wave length, either twice or 
three times modulation frequency for ranges from one- 
quarter to one-half sweep wave length, and so on. The 
exact range at which each change from one to the other of 
the two possible frequencies occurs depends on average r-f 
wave length sweep wave length k^, and phase shift on 
reflection. Fig. IV. -H applies in detail only to the 
special modulation ratio and perfectly conducting reflector 
chosen as an example. 

The frequency indicated is, in the case shown the 
correct one for the actual constant target range only at 
ranges of exactly one-half, one, iVi, and so on, sweep 
wave lengths. This happens to be true for both types of 
amplifier in the example chosen. The frequency counted is 
never the true range frequency except at ranges that are 
exact multiples of one- quarter sweep wave length, and is 
not even always correct for all of those ranges. The 
change from steady indication of one to steady indication 
of the other of the two frequencies possible in any range 
region takes place completely for an extremely slight 
change in range — p>erhaps Ha of a radio- frequency wave 
length or less in the example used. 

By equation (11.22), a change of /■ in range-beat 
frequency corresponds to a change of /4c/ ^ in range. 
That is, the jump in indicated range between the two 
counter-output levels possible near any given actual range 
is just one-quarter sweep wave length. This is the maximum 
error in indicated range that the effect under discussion 
can produce [except, as in (g), with a flat amplifier and 
at ranges less thanJ^X^]. This limiting absolute value of 
systematic error does not vary with actual range, and has 
often been called the fixed error of the radar-indicator 
system. 

Fixed-error phenomena are easily demonstrated and very 
striking characteristics of frequency-modulated radar under 
laboratory conditions, where test ranges can be held 
extremely constant. In the actual use of f-m radar, how- 
ever, sufficiently constant range to make fixed error evident 
is highly improbable. Actual ranges will vary either in 
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coherent fashion because of definite relative motion of 
radar and target or in random fashion because of surface 
roughness or other variability of the target. The counter 
will indicate the average of the various signal frequencies 
produced by such range variations. 

Referring again to Fig. IV. -H, section (g), it may be 
seen that for ranges near 5 wave lengths of (% sweep 
wave length) and a flat amplifier, modulation frequency is 
present for one half of the possible range values and 
double modulation frequency for the other half. The 
probability of occurrence of either frequency for a varying 
range in this region is therefore one half. Tlie average 
frequency indicated by the counter is correspondingly 

G)nsideration of slightly variable ranges of other 
magnitudes indicates that the smoothed counter output 
with a flat amplifier, for other than perfectly fixed 
ranges, varies with range according to the broken line of 
Fig. IV. -11 (g), and that a similar result holds for 
section (h). Examination of the dashed line of section 
(g) and its dotted extension shows that, with a flat ampli- 
fier, averaged counter output is directly proportional to 
range beyond one-half sweep wave length, but that this 
simple relationship is replaced by a diHerent one for still 
shorter ranges. From secticm (h), averaged counter output 
when fed from a differentiating anqplifier is directly pro- 
portional to range plus one-quarter sweep wave length for 
all ranges. 

From what has been said, it should be evidmit that the 
condition for occurrence of fixed error with a flat amplifier 
is either that the cusp of the output wave at modulation 
turn around should cross the active region of the limiter 
characteristic for a large number of successive modulation 
cycles, or else that it should fail to cross this region 
for a large number of successive modulation cycles. Either 
condition may be met with a highly stable radar working 
against a target at accurately fixed range. Wobbling 
transmitter-output phase or modulation sweep, or a moving 
target, will usually prevent fixed error. If, however, 
radar and target are steadily approaching head-on at sudi a 
rate that range decreases by just one- quarter sweep wave 
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length per modulation cycle, a fixed-error condition may 
again exist. This state of affairs requires not only high 
stability of radar and target but also of the line-of- sight 
component of relative velocity, and its occurrence for any 
significant length of time in noimal operation is extremely 
improbable. 

The cause of fixed error is the periodic breaking up of 
the beat-note signal by a phase jump at modulation turn 
around, coupled with the inability of the combination of 
limiter and averaging cycle- rate counter to measure frac- 
tions of cycles. Fixed error is therefore a characteristic 
of the use of f-m radar under conditions for which range- 
beat frequency exceeds speed-beat frequency. For cases in 
which speed frequency exceeds range frequency (which may 
even be zero) and a flat amplifier is used, fixed error does 
not exist. In the former case, the continuously acting 
averaging pulse counter indicates range; in the latter 
case, it indicates speed. 

The space here given to the discussion of fixed error is 
entirely out of proportion to the practical importance of 
the phenomenon, but not at all out of proportion either to 
its nuisance value or to its fundamental importance for the 
understanding of f-m radar. This discussion is felt to be 
justified because any worker in the f-m radar field will 
almost inevitably encounter fixed error in some form, and 
because it indicates the necessity of using a differen- 
tiating amplifier if linear range measurement is to be 
extended down to extremely short range. 

3. SWITCHED COUNTERS 

a. Speed Counter. As described in section 2c above, 
a counter can be made to produce either a positive or a 
negative average- current output, directly proportional to 
the frequency of the counter-input signal. Counting can be 
stopped at will by opening either the charging or the dis- 
charging circuit of the counter capacitor. If the counter 
diodes are replaced by triodes, either circuit may be opened 
by biasing the proper triode beyond plate-current cut off. 

Let a positive-output counter and a negative-output 
counter both be energized by a common limiter, both feed a 
common load, and both be linearized by a common cathode 
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follower. Further, let each counter include one diode in 
its capacitor- discharging circuit and one triode in its 
charging circuit, with the triodes alternately cut off 
for equal time intervals by a symmetrical square wave 
of voltage applied in push-pull to their grids, as in 
Fig. IV. -12. If now a signal of constant frequency is 



SWITCHING 
(SQUARE wave) 

Fig. IV. •12* Switched counter. 


applied to the limiter and the two counter capacitors C 
and are equal, then the total positive charge fed to 
smoothing capacitor and load resistor r, while the 
negative counter is inactivated by cut-off bias on triode 
will equal the negative charge supplied while the 
positive counter is inactivated by cutting off V . The 
net charge delivered by the counters over a complete 
switching cycle will therefore be zero and the average 
voltage developed across r will likewise be zero. 

The instantaneous voltage across and r will not be 
zero, however. It will increase in steps as successive 
increments of positive charge, one for each cycle of the 
signal being measured, are siq>plied during the intervals of 
activity of the positive counter.* During the intervening 
intervals of activity of the negative counter, the voltage 
across will decrease in steps as negative charge incre- 
ments are supplied. Between steps there will be steady 
voltage changes because of slight leakage of charge to or 
from through r. 

The cathode of follower tube F , to which the charging 
tube of the negative*output counter is returned directly, 
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operates at a positive voltage with respect to the follow- 
er-tube grid, to which the discharging tube of the negative- 
output counter and the charging tube of the positive- output 
counter are both connected, while the cathode- resistor tap, 
to which the discharging tube of the positive- output coun- 
ter is returned, operates at a voltage negative of the fol- 
lower grid. In order that the average counter output over 
the switching cycle may balance to zero independently of 
the limiter- output voltage swing, the cathode- resistor tap 
must be negative of the follower grid by as much as the fol- 
lower cathode is positive of its grid. With equal internal 
voltages in the counter tubes, this ensures equal effective 
limiter swings [see equation (IV. 6)] for both counters. 



Fig. IV.- 13* Frequency variation 
of rcriar output. 

Suppose now that this switched- counter system is fed 
with the beat-note output of an f-m radar, which varies in 
frequency as shown in Fig. IV. -13 (see Chapter II., sec- 
tion 4f); it is switched in synchronism with the radar 
modulation, so that the positive counter is active during 
the upward modulation sweep of the transmitted radio fre- 
quency, when beat-note frequency is The negative 

counter then operates during modulation downsweep, with 
beat-note frequency Jl charge contribution due to 

range frequency, which is the same throughout the switching 
cycle, will average out and leave the net counter output 
independent of range. During downsweep the presmice of a 
speed frequency will increase the negative charge delivered 
to C^, ahile during upswe^ the positive charge delivered 
will be decreased by an amount proportional to the speed 
frequency. A net negative charge proportional to speed 
will therefore accumulate over the switching cycle, lhat 
is, this speed counter is a negative-output device. In 
the steady state, the averai>e voltage e across r will reach 
such a value that the resulting current through r will just 
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equal the average rate of delivery of charge by the counter 
and so will just carry off this charge. 

During upsweep, the positive counter delivers average 
current 

(IV.20) 

and during do^nsweep the negative counter delivers average 
current 

calling the equal counter capacitors and both Cg. 
Each counter operates half the time, so that the net cur- 
rent is the average of and , while the average output 
voltage Cg over the modulation (and counter- switching) 
cycle is 

Since this output is negative and proportional to radar 
speed frequency, such a switched counter may be called a 
negative-output speed counter and characterized by a speed-- 
counter sensitivity /i , in volts per cycle per second, where 

(IV. 23) 

The instantaneous voltage across r and varies with 
time as shown in Fig. IV. -14, becoming one step more posi- 
tive with the charge increment delivered on each beat-note 


1 CYCLE OF 



CYCLE OF 
BEAT FREQ. 

Fig. IV. - 14 . Wave form of 
output from speed counter. 


cycle during upsweep and one step more negative for each 
cycle during domsweep. Between steps there is a relatively 
slow change to more positive voltage due to leakage through 
r, which must in the steady state be just sufficient to dis- 
pose of the excess negative charge delivered by the counter 
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during the complete modulation cycle. The linearizing 
cathode follower shown in the circuit of Fig. IV. -12 is 
necessary to insure that the size of each charge increment 
will be independent of frequency. Were the effective limiter 
swing changed by building up of output voltage during the 
upswe^ counting, the excess negative charge delivered to 

during the complete modulation cycle would depend upon 
both range and speed. Tbe speed counter would then fail of 
its purpose. 

Tlie above discussion s^plies to the case of radar range 
frequency in excess of speed frequency. For the case of 
speed frequency exceeding range frequency, conditions are 
reversed and the symmetrical switched counter becomes a 
range counter with output independent of speed. In either 
type of operation, the frequency to be cancelled over the 
modulation cycle exceeds, perhaps by many times, the fre- 
quency to be indicated. The balance of the two counters 
required for proper operation may therefore be rather crit- 
ical and small fortuitous variations in such parameters as 
switching phase may produce significant fluctuations in coun- 
ter output. Because of the balance requirement, capacitance 
change is not a convenient means of controlling speed- 
counter sensitivity but either load resistance r or 
effective limiter- voltage swing may be varied to provide 
such control. 

b. Combined Range and ^eed Counter. Another useful 
type of switched counter is obtained by using unequal val- 
ues of capacitance for the positive and negative counters. 
Using the positive counter during modulation upsweep and 
the negative coiuiter during downsweep, the upsweep current 
for radar operation with range frequency exceeding speed 
frequency is 

(IV.24) 

and the dom sweep current 

The average of the counter-output voltage over the modula- 
tion cycle is therefore, since each of the above currents 
flows for half the time. 


(IV.26) 
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This counter is thus sensitive to both range and speed, 
with range sensitivity 

. {IV. 27) 

volts per cycle per second and speed sensitivity 

(IV.28) 

volts per cycle per second. 

Range sensitivity is positive if exceeds and 
negative if the reverse is true. Negative-output speed 
counting occurs for operation as described, but speed 
output would be positive if the positive counter were 
used on the down sweep and the negative counter on the 
upsweep. Subject to the condition that the absolute 
value of speed sensitivity, (capacitance sum) must obviously 
exceed the absolute value of range sensitivity (ccpacitance 
difference), any desired combination of positive or nega- 
tive sensitivities may be obtained by proper choice of 
operating sequence and capacitance values. Independent 
adjustment of range and speed sensitivities of an un- 
symmetrical switched counter is inconvenient once they 
are chosen, however, because interlocking adjustments of 
both capacitors are necessary. 

For radar operation with ^eed frequency exceeding range 
frequency, the right-hand sides of equations (IV. 27) and 
(IV.28) are simply interchanged to give range sensitivity 
proportional to capacitor sum and speed sensitivity to 
capacitor difference. Again, almost conpletely free choice 
of relative sensitivity values is obtainable. 

For a counter-load resistor returned to supply or bias 
voltage rather than to ground, synchronously switched 
linear counters are in principle capable of producing an 
overall time- averaged voltage output 

^IV.29) 

with sensitivities and independently open to choice 
over a wide range of values. A linear counting system is 
necessary to ensure this simple form of output variation. 
Because diode biases for positive and negative counters 
obtained from the cathode circuit of the linearizing 
cathode follower vary differently with e, however, critical 
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accuracy is possible only over a narrow range of output 
voltage. 

c. Extra Counts. Certain spurious signals are produced 
by counter switching. In the analysis of this effect to 
follow, it should be remembered that, conduction in the 
switching tubes permitting, both counrter capacitors are 
charged on each upswing and discharged on each downswing 
of the limiter plate voltage. Charging of the positive- 
counter capacitor or discharging of the negative- counter 
capacitor registers a count of corresponding polarity. 
Neither discharging of the positive- counter capacitor nor 
charging of the negative -counter capacitor produces any 
count; these are merely resetting operations. 

Suppose the limiter to be conducting, and input voltage 
to the counter capacitors therefore to be at its minimum 
value, at the instant of switching off the negative counter 
and switching on the positive counter. The negative- coun- 
ter capacitor will already be fully discharged, having 
just completed a count, and the opening of its charging 
circuit by the switching will have no effect other than to 
prevent further counting. The positive- counter capacitor 
C will already be discharged also, and the closing of its 
cl^arging circuit will have no effect except to prepare for a 
normal count on the next positive limiter swing. 

Similar conditions hold when switching off the positive 
counter and switching on the negative counter with limiter 
plate at minimum voltage. C will be fully discharged fol- 
lowing its last previous count aid will merely be prevented 
from registering the next count by the switching process 
which opens its charging circuit. will be fully dis- 
charged and closing its charging circuit will merely 
prepare it to be charged on the next positive limiter 
swing, in order that it may produce a negative count on the 
following negative limiter swing. 

Switching from positive to negative counter with limiter 
tube cut off and supplying maximum voltage to the counter 
again yields nothing remarkable. will be fully charged 
following a count and nothing will happen as a result of 
opening its charging circuit. C will be discharged and 
will charge immediately when its charging circuit is closed 
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by switching, in preparation to count on the next downward 
swing of the limiter plate. 

Upon switching off the negative counter and switching on 
the positive counter while the limiter is cut off and its 
plate most positive, the action is rather different. The 
negative- counter capacitor is fully charged and no imme- 
diate action results from opening of its charging circuit 
by the switching, but a negative count will occur on the 
next limiter-plate downswing even though the negative coun- 
ter is then turned off and can thereafter produce no further 
counts. The positive- counter capacitor is discharged and 
will charge immediately, registering a count, when the 
switching action closes its charging circuit. Thus, one 
extra positive count and one extra negative count result, 
in this limiter-phase condition only, from the occurrence 
of switching. 

Switching phase and signal phase are unrelated, so 
switching from negative to positive counter may be expected 
to occur half the time with limiter conducting and half the 
time during limiter cut off. There will therefore be on the 
average one-half extra positive count and one-half extra 
negative count per complete switching cycle. The symmetri- 
cal switched counter or speed counter will show no net error 
due to switching, since its positive and negative counts are 
of equal magnitude. The un symmetrical counter will show an 
average error per switching cycle of one-half the differ- 
ence in magnitude of one positive and one negative count. 

Extra counts due to fixed error will of course be present 
in addition to those caused by switching. In a continuous- 
ly operating counter driven by a differentiating amplifier, 
an average of one extra count per complete modulation cycle 
was found in section 2g above to occur (counting at modula- 
tion frequency near zero range, for example). This may be 
regarded as an average of one-half count per unidirectional 
sweep of radio frequency. With a synchronously switched 
counter driven by a differentiated f-m radar signal, then, an 
average extra count of one-half »tbe magnitude difference be- 
tween one positive and one negative count per complete 
modulation cycle may be expected as a manifestation of 
fixed error. The total spurious count due both to switching 
and to fixed error is thus just the difference between one 
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positive and one negative count per full cycle of the 
coimon modulating and switching frequency. 

d. Phase Lag. With counter switching accomplished by 
the sane square- wave signal which provides the pulses to 
reverse the motion of a vibrating modulator diaphragm, 
there is a phase lag between switching and frequency modu- 
lation. Hiis occurs because reversal of diaphragm motion 
is somewhat gradual and requires the full duration of the 
driving pulse to be completed, while counter switching 
takes place immediately upon the rise or fall of the 
controlling square wave. The result of such modulation- 
phase lag is that the upsweep counter will be active during 
a portion of the modulation downsweep and vice versa. 

For simplicity, suppose that diaphragm reversal takes 
place suddenly but is delayed by a fraction S of the full 
modulation cycle, and neglect as usual the fraction of a 
modulation cycle taken by the radio signal to reach the 
target and return. The total charge delivered by the 
positive or upsweep counter will then be 

% = +(/.+ 4 

and that delivered by the negative or downsweep counter 
will be 

= [-'/,*/.) C -8) 4 ic„t;s]//. . (iv.si) 

The average output e due to leakage through load resistor 
r of the net charge supplied during the total modulation 
period 1/f^ will be 

e={^+gJ4r (IV.32) 

or 

e=5^4r(C -C )£' -%f^r{C^ +C )(i-4S)£; . (IV.32a) 

Comparison of (IV. 32a) and (IV. 26) shows that the lag 
in modulation phase has not altered the range sensitivity 
but has reduced the negative speed sensitivity of the 
counter by a factor (1“48), to 

h;= H(l"4S)r(C +C„)r. (IV.33) 

Practically, the turn- around lag may be for example 5 per 
cent of the modulation cycle, reailting in a speed sensi- 
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tivity only 80 per cent as great as that of an ideal 
system. 


e. Blanking, Beside the modulation-phase lag at turn 
around, strong transient signals may be produced at the 
same time in specicd f-m radar systems that use antenna- 
lobe switching to obtain target- azimuth data. Disturbance 
of swi tched- counter output either by phase lag or by 
synchronous transients may be prevented by interrupting or 
"blanking" counter operation entirely for a brief interval 
at each modulation turn around. 

Blanking may be accomplished by providing a separate 
square-wave switching voltage to each counter triode, with 
the positive or "on" portion of each cycle of each switch- 
ing voltage arranged to have shorter duration than its 
negative or "of!" portion. TTie two voltages should of 
course be so phased that the positive counter acts only 
during the undisturbed and linear portion of the frequency- 
modulation upsweep and the negative counter during, the 
similar portion of the downsweep. Disturbance of counter 
output by non-linearity of frequency swe^ at turn around 
and by the time lag of received- signal turn around due to 
radio- transmission delay are also eliminated by blanking. 

If each counter is turned on only for a fraction -7 
of the full modulation cycle, both range sensitivity and 
speed sensitivity will be reduced to a fraction 1^2/ of 
the values (IV.27) and (IV.28) found for a switched counter 
operating under ideal conditions. Stability of the blank- 
ing fraction 7 is therefore essential to accurate and 
reliable counter operation* 

The effect of possible dissymmetry of switching must also 
be considered. Suppose the positive counter to be active 
for a fraction -7 + 6 and the negative counter for a 
fraction % - 7 -€ of each modulation cycle, the positive 
counter operating during radio- frequency upsweep and the 
negative counter during downsweep. Then, since the net 
charge delivered by the counter during the modulation cycle 
must leak off through load r, the average output voltage e 
may be determined and the modified range and negative- output 
speed sensitivities are found to be 

h';=%{l-2y) r{ C- C)E‘+€r( C+ C ) E* 

a pno pno 


(IV. 34) 
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and 

h;=%(l-2y) r(C+C„)£:+ 6 r(C-Cjr, (IV.3S) 

respectively. 

Since is always greater than and may be 

many times greater, the effect of switching dissynmetry on 
speed sensitivity is not extremely great and may (as in the 
balanced ^eed counter with C and C equal) be negligible. 
Switching dissymmetry € clearly has an exaggerated effect on 
the range sensitivity of the switched counter, however, and 
if C and are nearly equal may cause serious trouble. 
This is also true in the case of continuous switched- 
counter operation without blanking, for which (IV. 34 ) and 
(IV. 35) still hold but with y = 0 . Extreme stability of 
switching symmetry is therefore essential to reliable 
operation. In the case of radar operation with speed- beat 
frequency in excess of range-beat frequency, corresponding 
conclusions may be drawn but the roles of range and speed 
are then interchanged* 


balanced phase divider clippers 

+ B +B ♦REG -fB 



Fig. IV. -15. Counter blanking circuit. 

A typical circuit for blanked switching of counters is 
shown in Fig. IV. -15; wave forms appearing at various 
points of the switching circuit are shown in Fig. IV. -16* 
The original constant- amplitude square-wave switching 
signal with the wave form of Fig. IV. -16(b) is partially 
integrated by the resistance^capacitance switching- input 
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Fig. IV. -16. Development of switching 
voltages for blanked counter. 

circuity and the resulting modified signal, shovn as (c) of 
the figure, is applied to the symmetrical -output amplifier 
K . Wave forms of the two outputs of are shown at 
{d^) and (d^) of Fig. IV. -16, and each is coupled to the 
grid of one of the limiter tubes V and V . 

In the absence of switching signal, the grids of both 
and are maintained at the incipient grid- current 
point by positive bias applied to high-resistance grid 
leaks, holding both limiter plates at minimum voltage. 
Negative swings of the switching signals alternately carry 
each limiter grid to and beyond cut off, permitting the 
corresponding plate to rise to supply voltage. The grid- 
voltage region of limiter activity is indicated by the 
dashed lines across graphs (d^) and (d^) of Fig. IV. -16, 
while graphs (c^) and (e^) show the corresponding limiter- 
plate voltage wave foims. Dhiing the time intervals marked 
off on all the graphs by the pairs of thin vertical lines, 
both switching limiters remain conducting and their plates 
are both at minimum voltage. 

Since the output of one switching limiter drives the 
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grid of each counter-capacitor charging triode, both 
counters will be rendered inoperative during the intervals 
indicated in graph (/), in vdiich both limiters are conduc- 
ting. The dashed lines across graphs ( ) and ( ) 

indicate the threshold of counter operation: for limiter 
plate voltages above the dashed line» the corresponding 
counter is operative, while for voltages below the line it 
is inoperative. Graph (a), to the same time scale as the 
others, shows the variation of transmitted radio frequency. 

Symmetry of switching depends upon output balance of 
amplifier K , which may be controlled by adjustment of its 
plate or cathode load resistor. Blanking fraction y 
depends upon switching- limiter bias and original square- 
wave amplitude, which must therefore both be stable. 
Stability of switching is essential to accurate switched- 
counter operation, and the additional possibilities for 
instability introduced by the inclusion of blanking 
circuits must not be overlooked. The circuit shown has 
appeared in practice, however, to be sufficiently stable 
not to decrease the counter accuracy too seriously. 

By separating the switching off of one counter from the 
switching on of the other, blanking introduces further 
possibilities for phase of limiter-output signal at 
instants of switching, in addition to those enumerated in 
section 3c above. Examination of all such possibilities 
and their probabilities of occurrence, however, again leads 
to the conclusion that on the average an extra count of 
on ^ half the difference in magnitude between one positive 
and one negative count per modulation cycle results from 
counter switching. Fixed error can be more pronounced in a 
switched counter than in a continuously acting one, by 
upsetting the partial cancellation of the two counter out- 
puts, and the use of blanking does not seem in practice 
to alter significantly the fixed-error effects. 

f. Effect of Signal Level. Unless the amplitude of 
the signal to be measured is sufficient to swing the limiter 
plate current from cut off to saturation, no counter of the 
type described can give accurate results. So long as the 
signal amplitude is adequate to ensure that the limiter 
plate current remains cut off during each signal cycle for a 
sufficient period to permit the counter capacitor to become 
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fully charged, even at the highest frequency to be meas- 
ured, and so long as the plate current remains saturated on 
each cycle long enough to permit complete capacitor dis- 
charge, full counter accuracy may be expected for any 
interference- free signal. 

Tlie presence of noise or other interference complicates 
the situation. Fig. IV. -17 shows how noise superposed on a 
signal may give rise to extra counts, even though the 
signal may considerably exceed the noise in amplitude. 
Noise cannot reduce the count so its effect does not average 
out. The magnitude of the error produced in this way and 
its dependence on signal/noise ratio have not yet been 




LIMITER 

OUTPUT 




PARTIAL 

COUNTS 

DUE TO COUNT 
NOISE 


it 


COUNTS DUE 
TO NOISE 


\ NORMAL 
COUNT 


Fig. IV. - 17 . Effect of noise 
on counter action. 

accorded the full investigation that the subject deserves. 
Buies of thumb have been worked out, however, for practical 
uses in which errors up to a few per cent are tolerable. 
For these cases, sufficient amplification should be provided 
so that the noise alone is approximately sufficient to 
swing the limiter between cut-off and saturation. Then 
signals with amplitude greater than 10 times the r-m-s 
noise amplitude are adequate for satisfactory operation, if 
a differentiating amplifier is used. With a flat amplifier, 
the noise would be of lower effective frequency and a 
smaller signal/noise ratio mi^t be permissible. 

The great increase in minimum acceptable signal/noise 
ratio required by this automatic measuring equipment over 
that necessary for a skilled operator just to perceive an 
oscilloscope signal by eye, or a communication signal by 
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ear, is to be noted. It is the price paid for elimination 
of human judgnent and for quantitative accuracy. 

Square-wave input signal to the counter must be at such 
a high level that any change in effective input swing 
due to variation of internal potentials (electron- emission 
velocities and contact potentials) of the diodes can not 
introduce an excessive percentage error in counter sensi- 
tivity. Internal-potential changes in the several diodes 
of a switched counter may add up to produce a total change 
in effective counter-input amplitude of as much as one volt. 
Counter-output level also must be made sufficiently high to 
ensure accurate operation of subsequent circuits, a 
requirement which determines the maximum frequency that 
can be countedL while using a limiter tube of any given 
current- handling capacity. In practice, it has not been 
difficult to secure sufficient counter output for satisfac- 
tory operation under conditions required by f-m radar 
applications, with beat-note frequencies in the range from 
a few hundred cycles to a few tens of kilocycles per 
second. 


4 . Frequency- Select i ve c ircui ts 

a. Single Target, Instead of averaging counters, 
passive circuits having a response dependent on signal 
frequency may be used for frequency measurement. Such 
circuits have not been fiilly investigated for single-target 
f-m radar operation, because it was felt that counters 
might more easily be made stably accurate and the urgency 
of war-time development required a choice between the two 
lines of attack. 

For radar use, a selective circuit for frequency indica- 
tion, or "discriminator", must produce an output varying 
mono toni cal ly, substantially, and preferably linearly with 
signal frequency over a very wide frequency range. Sub- 
stantial monotonic variation with frequency is produced for 
example by an integrating circuit fed with square- wave 
signal o'f constant amplitude. Such a circuit provides a 
triangular- wave output with amplitude inversely propor- 
tional to frequency. A differentiating circuit fed with 
constant- amplitude sine- wave input signal produces a sine- 
wave output with aiqplitude varying linearly with frequency. 
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Purely sinusoidal input signal is necessary for use of the 
latter circuit, but is not readily provided over the 
required frequency range in the presence of noise. 

The integrating circuit can be made to produce an output 
wave of peak amplitude decreasing linearly with increasing 
frequency over a 10:1 range of frequencies by bridging its 
input with a series- resonant circuit tuned to a high 
frequency and suitably damped. The output voltage and 
therefore the input frequency may be measured by a peak- 
reading vacuum-tube voltmeter. Such a system has been used 
successfully in reception of facsimile signals which employ 
a frequency-modulated sub- carrier. Switched operation may 
be obtained by use of two grid- control led voltmeter recti- 
fiers. 


SWITCHING 



Fig. IV,- 18 * Discriminator circuit for 
frequency measurement. 

A circuit of this sort, shown in Fig. IV, -18, was given 
limited trial* under f-m radar operating conditions. 
Relative range and speed sensitivities of this circuit are 
controlled by choice of resistors and in the output- 
voltage divider. As a continuously acting device, using a 
single rectifier and no switching, satisfactory operation 
was obtained. But when operated as a switched system to 
measure a combination of range and speed, as shown in the 
figure, the maximum output obtainable was less than one 
tenth of that found necessary for satisfactory operation. 
This limitation could only be overcome by use of exces- 
sively hif^ limiter-plate voltages, with a correspondingly 
highly rated limiter tube. 

For cases in which its low output is acceptable, the 
above frequency-measuring device appears to offer a possi- 
bility of eliminating fixed-error effects. Provided several 
beat-note cycles occur per half sweep of the radar fre- 
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qucncy modulation, the reading of each peak voltmeter may 
be fully determined by the discriminator- output level 
during the hipjily linear or steady-state middle portion of 
a frequency sweep. Then, by blanking the voltmeter recti- 
fiers, it should be possible to prevent the disturbances 
taking place near modulation turn around from affecting the 
voltmeter outputs at all. Such an arrangement should be 
insensitive to exact phase of blanking and should, of 
course, eliminate effects of modulator phase lag as well as 
of fixed error. 

Because discriminator output is insufficient to make it 
useful in those applications which were of main interest, 
the blanked-peak- voltmeter arrangement was not tried. In 
the case of the simpler switched- voltmeter arrangement of 
Fig. IV. -18 which was tried, however, fixed-error effects 
appeared under limited investigation to be of the same 
order as those found in the use of counters. 

The switched discriminator- voltmeter combination 
requires two less tubes (a twin diode and a cathode follow- 
er) than the switched counter, but pays for this simplifica- 
tion by restricted frequency range, much lower output, and 
dependence of its calibration on the values of a consid- 
erably larger number of circuit elements. By sacrificing 
simplicity, a blanked discriminator- voltmeter system may 
perhaps be freed of modulation- phase and fixed- error dis- 
turbances. Under some conditions, filtering time constants 
may be lower for the discriminator than for the counter. 

Quite a different application of a selective circuit 
permits determination of both range and speed without 
synchronous switching. Either a single counter or a single 
discriminator- rectifier fed with the f-m radar signal from 
a moving target will produce an output current varying at 
modulation frequency as shown by Fig. IV. -13. In a resis- 
tive load this current will produce an average output 
proportional to range. In a resonant load circuit tuned 
to modulation frequaicy, it will produce an alternating 
output of amplitude proportional to speed, which may in 
turn be rectified far speed measurement. As in the switched 
counter, linear variation of average direct output current 
with input frequency is necessary in the system driving the 
resonant circuit, to avoid dependence on range of the speed 
sensitivity of this speed-measuring device. 



130 FREQUENCY MONJLATED RADAR Chap. IV. 

Trials of speed measurement by amplitude of frequency 
modulation of radar beat note (see Fig. IV, -13) were made 
only with non-linear frequency modulation of the trans- 
mitted radar signal. A simple counter was used with a 
parallel -tuned load circuit in series with the normal load 
r, (see Fig* IV. -3). Strong modul ation- frequency output 
was obtained from the tuned circuit but was found not to be 
dependent only on speed. A major part of this output was 
found to be due to dissimilarity of radar frequency-modu- 
lation wave form in the vicinity of the two modulation 
turn- around points^ which altered the frequeaicy variation 
of the radar beat note so as to give a component at 
modulation frequency even with a stationary target. With 
sufficiently linear modulation this trouble should be absent 
and the modul ation- frequency resonant speed detector should 
be a useful device. Unfortunately, no tests were made 
under such conditions. 

b. Multiple Targets. Multiple- target operation 
requires signal -utilization apparatus that will indicate 
for each value of ran^e whether or not a target is present. 
In f-m radar technique, a beat- frequency resonant circuit 
performs the same function as does a range gate in pulse 
radar. Presence or absence of a target at a given range is 
determined by c^plying the radar output to a resonant gate 
tuned to pass signal corresponding to that range only, and 
indicating whether output from the gate is present. 

Various range values may be explored for targets by 
using 

(1) Multiple fixed- tuned gates, each set to test a 
different range. 

(2) A single variably tuned gate which may be made 
to scan the radar output- frequency i^ectrum for 
targets. 

(3) A single fixed-tuned gate over which the radar 
output spectrum may be scanned by varying the 
rate of change of radio frequency used in 
frequency modulation of the radar. 

Multiple-gate indicators are complex but deliver informa- 
tion rapidly. Scanning single-gate indicators are simpler 
but deliver information quite slowly* since it is necessary 
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at each range value to allow time for the response of the 
resonant gate to build up. 

An exanple of a multiple- gate system which is its own 
indicator is the resonant- reed assembly of a Frahm frer 
quency meter. This device might be but has not been 
developed as an f-m radar indicator. It would be quite 
suitable for indicating target distribution along a single 
line of search, but less suitable for panoramic dii^lay of 
the varying target distribution seen by a radar scanning 
in azimuth. 

An example of a variable tuned scanning gate is the well 
known heterodyne wave analyzer, in which an actual fixed- 
tuned circuit is made by artifice to behave as if variably 
tuned. For radar indication, the output of such a wave 
analyzer, scanning periodically by variation of heterodyne- 
oscillator frequency, might be ^plied to deflect or brighten 
the light spot of a cathode-ray oscilloscope. The oscillo- 
scope would be made to scan a range scale in synchronism 
with the frequency scan of the analyzer. 

For a radar with scanning by periodic variation of range 
sensitivity, the output of a single fixed- tuned gate ma/ be 
used to brighten or todeflect horizontally the light spot of 
a cathode-ray oscilloscope, with the spot made to scan 
vertically in synchronism with the radar- sensitivity scan. 
Trial of such a system has shown it to operate as expected. 
It has of course been found that accurately uniform sweeping 
of transmitter frequency during modulation, h&ice accurate 
constancy of beat-note frequency for any fixed range, is 
essential to avoid degradation of range resolution by 
apparent spreading out of targets. Linear detection of the 
radar signals, and indeed linear response throughout the 
system, is also essential to avoid inter-modulation of 
signals from various targets and consequent indication of 
spurious or ghost targets. If fine range differences are to 
be indicated while searching in azimuth, operation necessar- 
ily becomes very slow. 

5- UTILIZATION OF COUNTER OUTPUT 

a. Jfatar Indication* F-m radar information is finally 
utilised most simply, at least for the case of a single 
target, fay applying the output from a counter such as that 
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of Fig. IV. -2 to a current-measuring instrument, which in 
turn gives an indication of target range. Meter current 
increases linearly with increasing range. The maximum 
meter current that may be supplied directly by the counter 
without loss of accuracy is determined by the properties 
of the limiter tube. 

Fieferring to Fig. IV. -7, it will be seen that a given 
type of limiter pentode can supply only a definite maximum 
plate current if dependence of this current on grid voltage 
must fall to zero while the grid is still negative, as is 
necessary for sharp limiting. The minimum permissible 
pi ate- feed resistor is determined by this maximum avail- 
able current I and the limiter pi ate- voltage swing between 
plate-current saturation and cut off. Neglecting the small 
‘diode potentials and biases, this is the same as the 
effective charging- volt age swing E^ applied to the counter, 
and 

r =r/j (IV. 36) 

o . o 

ml n 

Linear operation accurate to one per cent requires that 
charging of the counter capacitor continue for an interval 
of at least four times the time constant of the charging 
circuit, even at the highest frequency to be measured. 
Since charging takes place during one half of each beat- 
note cycle only, while limiter plate current is cut off, the 
charging time constant must never exceed one eighth of the 
beat-note period. Therefore 

r^C4i/(Sf^), (IV.37) 

or 

= (IV.38) 

Using this limiting capacitance in equation (IV. 2), the 
maximum current- output capability of the counter for ac- 
curate operation is 

'4/. (IV. 39) 

For the6SU7, a useful limiter tube, the maximum nega- 
tive-grid pi ate- saturation current is about 5 milli amperes 
and the maximum linear counter output about 62.S micro- 
amperes. 
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Where a more rug^^ed instrument than the counter can 
actuate directly is required, or where heavy meter shunting 
is necessary to supply electro-mechanical damping, the 
meter may be placed in the cathode circuit of a counter- 
linearizing cathode follower (see Fig. IV. -S). This 
arrangement, used in altimeters, also permits introduction 
of controlled non-linearity in the relation between fre- 
quency counted and meter current. Of course these meter 
arrangements using an unswitched counter, described above 
as range indicators for the case of radar range-beat 
frequency in excess of vspeed-beat frequency, will indicate 
speed instead of range if speed frequency exceeds range 
frequency. 

b. Limit Relays. Instead of giving a continuous meter 
indication of range, speed, or a combination of both, 
arrangements may be made to actuate a relay when the 
counter output reaches, or departs to a predetermined 
extent from, a preset value. For example, it is desired 
in certain cases to release a missile when a radar-bearing 
aircraft reaches a range from the target determined by 
closing speed and other factors. Prior to release, range 
and counter output exceed a predetermined limiting value. 
A relay must be actuated vixen net switched- counter output 
due to both range (counted positively.) and speed (counted 
negatively) falls to that limiting value. 

The desired result may be accomplished by connecting the 
counter- follower cathode directly to the cathode of a 
relay- actuating tube and returning the grid of the latter 
to the preset positive voltage atwhich release is required, 
as shown in Fig. IV. -19. For counter- output voltages 
exceeding the voltage difference between the volt age- divider 
taps to which counter load and relay- tube grid are respec- 
tively returned, relay tube will be cut oF by the 
positive voltage applied to its cathode. When counter- 
output and bias-di^erence voltages become substantially 
equal, V begins to conduct and the relay is actuated. Foi 
still lower counter output, cathode follower V is cut off 
and the counter is no longer linear; this is uninnportant, 
as the equipment has then served its purpose and need 
operate no longer. Radar- range and speed- counter sensi- 
tivities, and voltage diiference between cathode- follower 
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and relay- amplifier biases, are all preset to ensure release 
under the desired condition. 

The relay tube is biased through resistor and its 
grid is bypassed to cathode by c^acitor C to filter out 
the modulation and beat-note frequencies o^ Fig. IV. -14., 
which are present on the cathode of follower V . The 
grid- cathode circuit of the relay tube is thus controlled 
by a hum- free signal and smooth operation is assured, at 
the oost of a slight increase in time lag over that already 
produced by the counter-load time constant rC^ . 

A different requirement exists where it is desired to 
maintain a constant predetermined range, as in the use of a 
radar altimeter to maintain constant aircraft clearance 
over the underlying terrain* This requirement has been 
met by use of the null- type counter of Fig. IV. -6, with the 
range to be maintained determined by the setting made on 
the calibrated voltage divider to which the counter load is 
returned. Departure of voltage of output point A from 
zero, corresponding to departure of range from the preset 
value, must then actuate a polarized indicator. Point A is 
therefore connected to the grid of a relay- actuating tube 
which has two relays in series in its plate circuit. One 
of these relays operates at a low current value and the 
other at a considerably higher current; the actuating tube 
has its cathode biased to such a voltage that its plate 
current with grid at zero lies between the operating values 
for the two relays. 

Normally, range is at the preset value, point A is at 
zero voltage,, one relay is actuated, and the other relay 
is not. The relay contacts are so connected to signal 
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lamps as to give a "Range Correct" indication in that 
condition. For greater range» increased counter out- 
put will make point A negative, decreasing the relay 
current so that neither relay is actuated and a "Range 
Excessive" signal is given. For a smaller range than the 
value preset for balance, voltage at A is positive, both 
relays are actuated and a "Range Insufficient" signal is 
givoi. If the radar operates with speed-beat frequency 
in excess of range frequency, the same device will serve 
to indicate departure of target speed from a chosen 
value. 

c. Servo Systems, Still another possibility that has 
found useful application is the utilization of counter 
output to actuate a servo mechanism, vdiich in turn operates 
to maintain net output constant. In order to achieve this, 
the servo mechanism may in principle control any one or 
more of the following variables: 

(1) Range from radar to target. 

(2) l^eed of radar relative to target. 

(3) Radar range sensitivity. 

(4) Radar speed sensitivity. 

(5) Range-counter sensitivity. 

(6) Speed-counter sensitivity. 

(7) Bias voltae’e to counter load. 

The further possibility of allowing net counter output to 
vary, and using a servo mechanism merely to measure this 
vaiiation and to produce a mechanical motion related there- 
to, involves little that is peculiar to f-m radar and so 
will receive little discussion here. Likewise, the general 
theory of servo-mechanism response and stability is 
accessible elsewhere® and so need not be considered 
extensively here. 

Maintenance at zero of the output of a null-type counter 
by a servo adjustment of the voltage-divider t€^ is easily 
acoonplished and has proved a useful means for developing a 
mechanical motion proportional to radar range. In the two- 
relay arrangement described above for limit indication, it 
is only necessary to have actuation of the high- current 
relay start a reversible motor, geared to the potentiometer 
in the direction to reduce the voltage at the tap, ^ile 
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opening of the low-current relay starts this motor running 
in the direction to increase tap voltage as in Fig. IV. -20. 

LOW-CURRENT HIGH-CURRENT 



Fig. IV. *20. Simple range servo. 

When voltage at counter-output point i4 is zero, the low- 
current relay will be actuated and the high- current relay 
open, and the motor will stop. Ihe relation between servo- 
produced shaft rotation and radar range will be the same 
as the relation between shaft rotation and divider ratio 
for which the potentiometer has been constructed. 

In order for this simple servo system to be stable, it 
is necessary that there be for any given radar range a 
finite region of potentiometer settings, or dead space, for 
which the motor does not run, and that the motor shall not 
over- run this dead space in stopping. If over- running does 
occur each time the motor operates, then the system will 
oscillate mechanically or fimt, usually over such a wide 
range as to be practically useless. Charging of smoothing 
cc^acitor C through counter-load resistor r slows down 
response of the voltage at point A to changes in output of 
potentiometer . The result is that, with any acceptably 
narrow dead space, overshooting and servo hunting would 
certainly occur without the danping circuit r^, CT . 

It is well known from servo theory that hunting usually 
may be prevented by adding to the signal controlling the 
servo a component of proper polarity proportional to the 
rate of change of the servo output. The differentiating 
circuit r , C of Fig. IV. -20 provides just such a compo- 
nent and IS both simple and highly effective in pezmitting 
stable operation with a moderate dead space. The value of 
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C required depends upon the inertia of the moving parts of 
the servo system and the stiffness of the servo-control 
action. This circuit provides the servo, in effect, with 
the ability to anticipate what its own action will do to 
the voltage at point 4. 

Dead space is damaging to the smoothness of servo action 
and may prove annoying or harmful. If it is made too 
narrow, however, there will be no stable potentiometer 
position for which the motor does not run and hunting will 
be inevitable. This difficulty can be overcome by connect- 
ing in series with a source of sinusoidal alternating 
voltage (for example a glow- tube oscillator) having a 
frequency which is higher than the natural hunting fre- 
quency of the servo but is still very low; the alternating 
voltage must have an amplitude in excess of the range of 
relay- tube grid bias between the operating points of the 
two relays. 

With this arrangement, when the voltage at A is balanced 
to zero, the relays will both operate at the frequency of 
the auxiliary alternating voltage kj the motor will run 
momentarily forward and momentarily backward on each cycle 
of that voltage. Forward and backward motions will be 
equal because the auxili ary- vol tage variation will be 
symmetrical with respect to the operation of the two 
relays, and the average servo position will not change. 
Should the counter become unbalanced by too high a poten- 
tiometer output, however, the symmetry of relay operation 
will be disturbed, the high-current relay will be closed 
for a larger portion of the auxili ary- vol tage cycle than 
the low- current relay will be open, and the motor will run 
longer in one direction than in the other. The average 
servo position will change in very small, rapid steps 
to rebalance the counter. Motor torque is not applied 
suddenly in full amount, but increases in average value in 
proportion to the error to be corrected. Forced servo 
vibration acts strongly to suppress the free hunting 
oscillation, but the damping circuit remains nec- 

essary because of the large back lash produced by time lag 
in the smoothing circuit r, C^. 

The vibrating servo has no dead space but nevertheless 
does have a true stable balance position for each value 
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of range. Large jumps in following are absent but the 
auxiliary-frequency wiggle of the servo shaft at balance 
can be annoying. This can be reduced as far as desired 
(within the limits of rapidity of relay action) by in- 
creasing the vibration frequency, but only at the expense 
of speed of smooth servo response. Because of the large 
alternating current through the motor even at balance, 
motor power must be considerably reduced in a vibrating 
servo to avoid overheating. Great sensitivity of balance 
is attainable by use of sufficient relay- amplifier gain. 

Variation of internal potential (emission velocity, 
contact potentials, etc.) of the servo amplifier, of 
Fig. IV, -20, results in a wandering zero for the range 
scale of the servo. This is in contrast to the effect of 
intemal-potenti al variations of limiter tube and counter 
diodes, which alter the effective limiter swing and thereby 
the scale factor of the counter but do not affect the scale 
zero. With a balanced amplifier circuit, zero variations 
can be reduced to one or two tenths of a volt, (jounter 
output must be made sufficient to render the servo- zero 
wandering of relatively negligible inportance. 



A very smooth, responsive servo, free of zero wander 
and motor overheating and practically as simple as that 
just described, is shown in Fig. IV. -21. It has the dis- 
advantage of requiring considerable airplifier- output power, 
but the aiqplifier may of course have more stages than the 
single one shown. Departure of voltage at A from zero 
provides alternating amplifier input by way of a mechanical 
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inverter, and amplifier output is mechanically rectified in 
synchronism with input-in verteV switching to provide direct 
motor-driving current. This current is zero at balance^ 
and has a positive or negative average value respectively 
when there is a positive or negative unbalance voltage 
at A. 

Balancing by servo control of counter sensitivities is 
possible in principle hut mi^t be inconvenient in practice 
and has net been used. Control of radar speed sensitivity 
would require adjustment of radio carrier frequency and is 
not easily practicable. Automatic control of radar range 
sensitivity by servo adjustment of frequency-modulation 
sweep width or of modulation frequency is entirely feasible 
and has been used experimentally. 

Direct servo control of relative speed of radar and 
target has not been used, but control of range has been 
very useful and successful in automatic flight of aircraft 
at constant radar altitude. The very simple servo of 
Fig. IV. -20 has proved usable for this purpose, the radar 
servo motor acting to ac(just the gyroscopic automatic pilot 
which in turn controls the elevator surfaces of the air- 
craft. Altitude to be maintained is selected by manual 
adjustment of the tap on voltage divider ; the servo 
makes slight changes in the position of this tap whenever 
it calls for control of the aircraft, simply to provide 
itself and the aircraft with anti-hunting signal. Because 
of the relatively sluggish response of an aircraft to its 
controls, there is a strong tendency to overshoot in 
altitude and the anticipatory action of the anti-hunt 
circuits is very important. 

No difficulty is found in making a servo follow the 
output of a freely acting switched counter of the type 
shown in Fig. IV. -12. But if a switched counter operates 
over on apprecigble output- volt age range, differential 
variations in diode bias of the upsweep and downsweep 
counters will upset to a troublesome degree the counter- 
sensitivity balance. Such operation is therefore to be 
avoided. 

d. Overall Basalt. It is evident that a frequency- 
modulated radar system using switched counters is capable 
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of producing a total direct- voltage output 

dependent both upon range R and upon speed of closing 
Radar range sensitivity radar speed sensitivity 

range-counter sensitivity and negative speed-counter 
sensitivity have the values given respectively by 
equations (II. 22a), (II. 23a), (IV.27) and (IV.28); is 
bias voltage applied to the counter load. This output may 
be used to actuate a relay when it reaches a chosen value 
e or to maintain itself at such a value by automatic 
servo adjustment of , k^, h^, h^, R, or 5. 

Accuracy of radar range sensitivity depends upon 
accurate control of rate of change of radio frequency 
produced by the modulator system, and that of speed sensi- 
tivity upon mean radio frequency. These sensitivities are 
both scale factors; errors in them correspond to definite 
fractional errors in range and speed, but do not shift the 
zeros from which range and speed are measured. The radar 
system of course measures total range traversed by its 
signals, including the electrical length of any radio- 
frequency cables used to connect transmitter and receiver 
to their respective antennas; such cables do affect the zero 
of the range scale and must be taken into account in the 
use of the equipment. 

Cx)unter range and speed sensitivities also directly 
affect the accuracy of the system, again as scale factors. 
The counter circuits, like the modulator and its circuits, 
must therefore be carefully designed and built, using 
reliable components, if good overall accuracy is to be 
maintained. Bias voltage and relay- threshold or servo- 
balance voltage can introduce errors of the zero- shift 
type although they do not appear as scale factors; accuracy 
of these voltages is also required. 

In pulse radars arranged for precision ranging, errors 
in range tend to be constant in amount, independently of 
range. In f-m radar, with important potential sources of 
scale- factor error, range errors are likely to correspond 
to a constant fraction of the range. This suggests that 
f-m radar is likely to be the more useful at short ranges* 
Bange nreasurement accurate to a few per cent by means of 
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f-m radar is practicable without extensive precautions. 
The servo -balanced null type of counter, without switching, 
is by itself capable of fractional-per-cent accuracy. 
\l\!here speed frequency exceeds range frequency, fraction al - 
per-cent overall accuracy in determination of speed alone 
is feasible. Where range frequency exceeds speed frequency, 
high accuracy in determination of range alone is possible 
by the use of accurate modulation. Accuracy practically 
attainable in combined range and speed determination by use 
of switched counters has never been clearly determined but 
is probably a few per cent. 

6. NOTATION AND REFERENCES 

a. Notation, The algebraic and circuit notation used 
in this chapter is listed alphabetically below. 

C Velocity of radio- wave propagation. 

C Charge- t rans fer capacitance of averaging cycle- 
rate counter. 

C^, Counter -output smoothing (integrating) capacitance. 
Servo-damping capacitance. 

C^#C Charge- trans fer capacitance of negative-output 
^ and positive-output switched counters respec- 
tively. 

C /C Charge- trans f er capacitance of range and speed 
** counters respectively. 

e Counter - ou tpu t voltage. 

Bi«^ voltage added to counter output. 

€ Special value of counter output, including bias, 

to cause some operation to take place. 

c Voltage difference between charge and discharge 

terminals of counter tubes. 

c Internal voltage of counter tube (electron- emission 

velocity, contact potentials, etc.) 

Supply voltage to counter. 

Effective supply voltage, allowing for £^, e^ and 

* 

Minimum voltage of limiter plote. 

Amplitude of alternating voltage used to force 
servo vibrotion. 

/ Frequency of signal to counter. 

Reference value of varying frequency. 

/m Modulation frequency of f-m radar. 

Rcmge and speed beat frequencies of f-m radar. 
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Time rate of change of varying frequency. 

Carrier frequency of radio signal. 

Ronge sensitivity of counter in volts per cycle 
per second. 

Speed sensitivity of counter in volts per cycle 
per second. 

Counter range and speed sensitivities as modified 
by characteristics of counter switching. 

Counter-output current. 

Counter current during downsweep and upsweep 
respectively of frequency modulation. 

Maximum plate current of pentode limiter thot is 
not affected by grid voltage in negative region. 

Radar range sensitivity in cycles per second per 
unit range. 

Radar speed sensitivity in cycles per second per 
unit speed. 

Cur rent -indicating meter. 

Number of standing waves between radar and target 
for radio frequency F . 

Number of standing waves between rador and target 
if radio frequency were 

Change in number of standing waves as radio fre- 
quency is moduloted from F-J^W to 

Charge transferred by counter capacitor. 

Charge transferred by capacitors of negative- 
output and positive- output counters respectively. 

Counter load resistor. 

Limiter plate resistor. 

Cathode- follower cothode resistor. 

Null-counter balancing potentiometer. 

Relay-bias smoothing resistor. 

Servo-damping resistor. 

Resistors in auxiliary circuits. 

Range or distance between radar and target. 
Relative q^proach speed of radar and target . 

Time 

Reference instant of time. 

Vacuum tube limiter. 

Charging tube of counter. 
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K. Discharging tube of counter. 

o 

Cathode follower tube. 

Relay- actuating tube. 

Width of bond swept in frequency modulation. 

y Fraction of complete switching cycle that both 
counters of switched system are turned off on each 
half of switching cycle, or blanking fraction. 

S Fraction of switching cycle by which modulation 
turn around lags counter switching. 

€ Fraction of switching cycle by which on time of 
one counter exceeds and on time of other counter 
falls short of equal duration. 

Rodio-signal wave length for frequency . 

X Radio- signal wave length for frequency W, or sweep 

wave length. 

Ai// Change in phase of received signal relative to 
mixing signal during modulation. 

b. References. 

1. P. Giroud and L. Couillard: **Sondeur Radioe 1 ec tr ique pour la 
Meaure dea Hauteura dea Aeronefa au-deaaua du Sol/* Ann. de Rad* 
Elect*, Vol. II.. no. 8. pp. 150-172 (April 1947). 

2. W. C. Wilkinaon: ** Inveat igst lon of a Diacr ininat or Type of 
Frequency Indicator,** report no. 36 under contract NXaa-35042 
(written Sept. 1944, laaued Jan. 15, 1947). 

3. H. Lauer, R. Leanick and L. E. Matson; Servomechanism Funda^ 
mentals. New York, McGraw-Hill, 1947. 
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MOTION OF AIRCRAFT AND MISSILES 

1 . General Cons iderations 

In order to understand the design of frequency-modulated 
radar systems for bonbing and other special uses, it is 
necessary first to become familiar with some aspects of the 
motions of aircraft and missiles at low altitudes. As 
little as possible will be said here of the forces control- 
ling the notions, that is, of the dynamics of the situation. 
The main consideration will be certain properties of the 
motions themselves, that is, of the kinematics peculiar to 
f-m radar applications. Much of the discussion will be 
based on certain time intervals which are conveniently and 
directly related to the data provided by f-m radar and to 
the control of bomb release. 

2. Direct Approach 

a. Approach Kinematics . The simplest case to con- 
sider is that in which the radar is moving at constant 
speed directly toward its target. Time interval T which 
must elapse between the instant at which a radar observa- 
tion is made and the instant at which the radar strikes 
the target is given directly, in this simple case, by the 
ratio of the observed range or distance H between radar and 
target to the observed speed S with which the two are 
approaching. For any given time-to- target T, range and 
speed are related by the equation 

h/t-s=o. (V.l) 

Comparison of equation (V.l) with overall f-m radar 
action as described by equation (IV. 40) shows such simi- 
larity that the suitability of f-m radar for providing 
information concerning this particular motion is imme- 
diately evident. If, for example, a servo controlling the 
range sensitivity of the radar maintains the total counter- 
output voltage e equal to the counter bias.e^, then a 
continuous determination of the time required to reach the 
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target will be made automatically. ITie time to target 
will then be given at each instant by the ratio of overall 
speed and range sensitivities of the radar system. Ihus 

T=k^h^/k,h^. (V.2) 

wliere k^, and are hxed at j»reaetermined values and 
is set by tlie servo. 

b. Bonbing from Direct Approach. A highly artihcial 
case will serve as a very simple introduction to some 
factors found in actual bonbing approaches. ],et a radar 
target at B of Fig. V.-l be suspended (for exanple from a 
tower or a balloon) directly above a surface target at Q, 
which is to be bombed by an aircraft at P in level fliglit 
directly toward and at tlie same altitude as the radar 
target. Neglecting air resistance, no horizontal force 
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AIRCRAFT 
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SURFACE OF EARTH 
Fig. V.-l. Geometry of direct approach. 

will act on the bomb after its release fron the aircraft; 
the bo'Tib will therefore continue to travel forward at 
uniform speed, as will the aircraft, and so will remain 
directly under the latter as it falls. 

The interval of time T^ taken by a bomb to fall from 
altitude A is simply 

t; = (V.3) 

where g is the constant downward acceleration produced by 
gravity. If, therefore, a bomb is released from the air- 
craft at an instant that precedes the collision of aircraft 
and radar target by a time interval which is exactly the 
time of fall T^ , it will fall directly below the aircraft 
and will strike the surface and the surface target just 
when the aircraft strikes the radar target at its own 
al titude. 
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By setting the range sensitivity of an f-m radar on the 
bombing aircraft to the value 

and arranging for relay actuation when total output e of a 
switched counter operated by tlie radar beat note falls to 
the counter-bias value , bombs may be released auto- 
matically at the correct instant to strike the surface 
target. Release range will thus be so determined, in 
accordance with equation (V.l), that the instant of re- 
lease will remain correct whatever the speed *S of closing 
of the aircraft on its target. This state of aftairs will 
not be upset by wind or target motion, since it depends 
only upon relative speed of aircraft and target and this as 
well as range is measured directly by the radar. 

The relation between sfxjed and range at release is shown 
for several values of aircraft altitude (or time of fall of 
bomb) in fig. V.-2. It is required that the aircraft be 



Fig. V.-2. Range- speed 
relation for direct 
approach. 

flown so as to approach directly the elevated target at any 
constant speed, while flying level at the altitude for which 
the radar sensitivity is set. Hie interest of this artifi- 
cial special case lies in the simplicity of these speed- 
range relationshif>s and in the direct applicability of f-m 
radar data to provide automatic boTib release at exactly the 
correct moment for a hit. 

3. LEVEL FLIGHT APPROACH 

a. Approach Kinematics. A more usual problem than 
that of direct level approach terminating in collision is 
that of an aircraft flying level in such a direction as to 
pass directly over a surface target. Hie geometry of this 
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case is illustrated by Fig. V.-3, where an airplane at 
point P is at an altitude A above the land or sea surface 
and at slant range R from a surface target at point (J. The 
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Fig. V.-3. Geometry of level*flight 
approach. 

projection of R on the ground is the ground range G sepa- 
rating aircraft and target. Slant closing speed S of 
aircraft relative to target is measured along the line of 
sight, while the horizontal closing speed H is measured 
along the line of flight. 

Closing speed H of aircraft relative to vertical through 
target is the algebraic sum of the components in the verti- 
cal plane through aircraft and target of target velocity 
over the earth, wind velocity over the earth, and air speed 
(or rather velocity) of the aircraft; all of these component 
velocities are horizontal in the case of level flight. Any 
relative-velocity component not in the vertical aircraft- 
target plane must be avoided; this is a matter of aim 
rather than of ranging and is not of interest at the 
monnent. 

With flight maintained at constant horizontal speed H, as 
is normal in level approach, an aircraft at ground range G 
will pass over the target after a time interval T given by 

//r=G. (V.5) 

The radar, however, does not measure ground range G and 
ground speed H but rather slant range R and slant speed iS. 
Compa^rison of the distance- and velocity-vector right 
triangles in the vertical plane represented by Fig. V.-3 
shows them to be similar, so that 

H/S^R/G, (V.6) 

while, of course, 

R2=Q2^^2^ (V.7) 
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Eliminating G and H from equation (V.5) by use of (V.6) 
and (V. 7), there results 

^/t-S = A^/{RT) . (V.8) 

This represents a considerably more complicated state of 
affairs than the direct approach of (V.l). 

. Dependence of slant range on slant speed, as given by 
(V.8), is shown for two arbitrarily chosen values of alti- 
tude A and two arbitrary values of time-to-target-crossing 
T by the curves of Fig. V.-4(a). As would be expected, 



So 0 aoo 400 GOO 

SLANT SPEED, FT PER SEC. 


Fig. V,-4. Slant range-slant speed relations for 
level flight. 

the relationship always approaches the simple linear one of 
slope T, represented by Fig. V. -2 or the dashed lines of 
Fig. V. -4, for slant ranges much greater than the approach 
altitude. For the lower altitude illustrated, the curves 
become indistinguishable from these lines even at quite 
short range* For vanishing slant speed, which corresponds 
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to a position of the aircraft directly over the target, 
the range does not fall to zero but only to the value of 
the altitude A^ Such a range-speed relationship presents a 
problem not exactly soluble by the radar-signal utilization 
means described in Chapter IV. 

Examination of Fig. V.-4(a) shows, however, that the 
range-speed curve for a given altitude and time to target 
may be approximated very closely indeed, over a consider- 
able region of speed variation, by a straight line. This 
is true so long as excessively low speeds and high alti- 
tudes are avoided, and permits use of the radar system to 
provide automatically a useful approximate solution. The 
slope and intercept of each approximating line, such as 
the light full line of the hgure, is deternined by the 
limits and of horizontal closing speed between which 
best approximation is desired, as well as by the values of 
altitude and time to target for which the slant range-slant 
speed relation is to be approximated, hadar range sensi- 
tivity and counter bias voltage to be used are in turn 
controlled by these required slope and intercept values 
for the approximating line. 

The limiting horizontal closing speeds between which 
approximation is required are determined by the ranges of 
aircraft air speeds, speeds of target motion, and wind 
s{:)eeds over which it is desired to operate, Vlinimum hori- 
zontal closing speed is the minimum operating air speed 
pf the slowest aircraft considered, minus the speed of the 
maximum head wind under which of)e ration is required, minus 
the maximum speed at which a surface target is expected to 
move away from the attacking aircraft, iVlaximum horizontal 
closing speed is the maximum operating air speed of the 
fastest aircraft considered, plus the speed of the 'naximum 
tail wind anticipated, plus the maximum speed at which the 
target may move toward the aircraft. Once determined by 
these considerations of limits of operation, and 
become basic design constants. 

Given lower and upper closing-speed limits and , 
dependence of slope and intercept of an approximating line 
on altitude and time to target must be determined. Tliis is 
most conveniently done in terms of the angle a by which 
the line of sight (and of radar transmission) from aircraft 
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to target is depressed below the horizon, given simply by 

tBna = A/G = A/(HT). (V.9) 

Limiting values and are determined respectively by 
A/(HT) and A/(HT); it should be noted that a and a do 
not depend on altitude and time to target separately, but 
only on the ratio A/T. beferring again to the distance 
and speed triangles of Fig. V.-3, it should further be 
noted that 

R - A/sin a (V.IO) 

5 = ///cos a . (V.ll) 

By analogy with the case of direct approach, for which 
the slope of each range-speed line of Fig. V. -2 is the 
corresponding time to target T, the sIoj)e of an approximate 
range-speed line in Fig. V. -4 may be called T\ To dis- 
tinguish it from the true range R given by a curve of 
Fig. V. -5 [equation (V.8)], the approximate range given by 
a corresponding line may be called R* , as indicated in 
exaggerated fashion in Fig. V. -4(b). The intercept of an 
approximation line on the speed axis, which can be seen 
from Fig. V. -4 to have a negative value, may be called 5^. 
The equation for the approximate range is then 

^'/r- {s-sj =0 . (V.12) 

For the limiting horizontal approach speeds and 
the corresponding values and R^ of slant range and 
and 5 of slant speed may be found from equations (V.9), 
(V.IO), and (V.ll) for any chosen value of A/T. Ihe average 
slope of the range-speed curve between points (R^,S^) and 
(jRg^Sg) is, by definition, 

r=: (R^-B^)/{S^- S^). (V.13) 

Expressing R^, 5^, and 5^ of this equation in terms of 
and , and simplifying the complex fraction which 
results, T* is found to be simply 

7y(i+sina^sina^) . (V. 14) 

Designating the range given by the straight line through 
and {R^,S^) as jR" and the intercept of this line as 
6", as in Fig. V..4(b), 


(V.15) 
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Since R" (or R") is the same as R (or R ) , the values of R 
A ® . 1- . . 2 

and «S in terms of a for either limiting speed may be used 

in (V. 15) to find that 

~ (.4/r)(sina+sina^) . (V.16) 

From equations (V.IO), (V.ll), (V.14), (V.15), and (V.16), 
the departure of /?". from/}, as indicated in Fig. V.*4(b), 
is 

(sing, sino^/sina) (V 17) 
i^sinajsinaj . 

This departure is, of course, zero for ] ine-of-sight 
depression angle or a^, as a result of the definition of 
As may be verified by equating to zero the derivative 
dD/da, D has the maximum value 

D = /^i4(/sina“/sin a )^/(l + sin a sina ) (V.18) 

m 12 12 

at that depression angle for which 

sina= /sina sina . (V. 19) 

1 2 

Examination of Fig. V.-4(b) will show that the maximum 
error of approximation is cut in half by using, instead of 
the line a line giving an approximate range R\ This 
line has the same slope T* as that giving /{", but is moved 
downward by D^, so that 



R’= R''-D 

(V.20) 

and 



(V.21) 

or 


S^= -%( A/T ) (/sinaj- i^sino^f . 

(V.22) 


At the ends of the operating speed range, points (^^>S^) 
and of Fig. V.-4, the error due to the linear 
approximation is-Z)^, while the error is at that mid- 
range speed for which (V. 19) is satisfied. As may be seen 
from Fig. V. -4(a), which is drawn to scale, these maximum 
errors are small. For all other speeds in the chosen 
operating range, the errors resulting from use of the 
linear approximation are still smaller. 

Both the slope-correction factor T/T' and the speed 
intercept of the linear range-speed approximation have 
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now been determined [equations (V. 14) and (V.22)]. Each 
depends only on the parameter A/T, for any specific upper 
and lower limits of horizontal approach speed [see equation 
(V.9)] . Both and A/T, being spee ds, may be specified by 
their ratios to the geometric mean of the operating 

approach-speed limits. Ihe maximum range error due to the 
approximation may 1 ike wise be expr essed as a fraction of 
the ground range or /G^G^ . This is the ground 

range of a position requiring the lapse of time T for the 
aircraft at mid speed to reach a point directly over the 
target. Fig. V.-5(a), (b) and (c) show respectively slope 



Fig. V.-5. Characteristics of linear 
approximation. 

correction 777', relative speed intercept 5 /)/H H , and 

max imum fractional range error D //G G as functions of 

A/i^H^ll^T) , which is /tana^ taiia^. Eacfi of these curves is 

fully determined by and marked with a chosen ratio H /H 

2 ' 1 
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of operating speed limits. Methods of producing physically 
the quantities T/T* and as functions of A/T will be 
described in a later chapter on f-m radar systems. 

b. Bombing from Level Approach. In bombing from level 
flight it is again only necessary, so long as moderate speed 
and low altitude permit neglect of windage effects, to 
release the bomb at that instant which precedes the passage 
of aircraft over target by the time of fall of the bomb. 
For bombing, therefore, the time to taiget to be used in 
determining and a , .as well as in the remainder of 
equations (V. 14) and (V.22), is the time of fall given by 
equation (V.3). Ihe only variable parameter then determin- 
ing the coefficients of equation (V. 12) and correspondingly 
the settings of the radar system is the altitude of flight. 
This is the case for the 400-foot, 5-second curve of 
tig. V. -4, since the time of fall from an altitude of 400 
feet is 5 seconds. 

Two corrections are required by radar characteristics, 
however; these have been neglected thus far to simplify 
the initial discussion. As pointed out in section 2e of 
Chapter IV., there is a time lag due to smoothing in the 
measurement of range and speed by f-m radar. Allowance 
must therefore be made for a time lag caused by smooth- 
ing of counter output and smoothing of relay input, as well 
as by action of relays and action of bomb-release mechanism. 
It was also pointed out earlier that the radar measures not 
only true target range but, in addition, the electrical 
length of its own radio- frequency cables. Allowance must 
also be made for this residual range R^. 

To allow for time lag, it is only necessary to set up 
the radar to release the bomb at a range which corresponds, 
for the measured slant speed, to a time to target of 
T^. Arrival of the aircraft at this range, T^+ 
seconds before it will cross the target, then initiates a 
sequence of counting, smoothing, relay and release opera- 
tions which will cause the bomb actually to start its fall 
just seconds later. Falling for the remaining T^ 
seconds, the bomb then strikes the surface — and the 
target— just as the aircraft passes over the target. Tlie 
slope V of the linear approximation on which the radar 
works, related to the radar sensitivity factors as in 
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equation (V.2), shouJd therefore be made 

T'= W^AIa^r )/(i + sina sin a ), (V.23) 

S 1 22 


where and are given by 

tan = A/[H )] 

tana = A/[H ( V2 i4/g+ r )]. 
2 2 8 


(V.24) 


Instead of the slant range R of lig. V.-3, the radar 
measures /J If the total length of all radio- frequency 
cables is L and the radio-wave velocity on these cables is 
V, then the corresponding wave-travel time delay is L/v. 
The travel -time delay for two-way space transmission over 
range R^ is 2R^/c. The residual range equivalent to the 
cables is therefore 

cL/(2v). (V.25) 

For the release-producing sequence to be initiated at the 
approximated range R\ with radar actually measuring a 
range the release condition becomes 

(R'+ Rj/r-S=^r/^,.S^. (V.26) 


The kinematic condition (V.26) for bomb release may be 
compared with the electrical range-speed relation of equa- 
tion (IV. 40), for which an f-m radar system will actuate a 
relay. In terms of counter-bias voltage c^, total counter 
output to initiate release, and speed- sensi tivi ty 
factors and h, the radar may be used to release a bomb 
if is so adjusted that 




(V.27) 


and are constants of specified operation and T^, h , 
and hg are constants of the radar installation, whife 
for bombing is 

/4i4 (/sina^+ Vsina^)*/ (/2i4/gfT^) (V.28) 

and is still as given by (V.23). 

For an operating speed range of 175 to 700 feet per 
second (approximately 100 to 400 knots) and a delay t 
of 0.40 second, the value of at an altitude OS’ 

400 feet is 0.212. Kig. V. -5(c) indicates under these 
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conditions a fractional range error of 0.91 per cent, or 
an actual range error of 16 feet at the mid-speed ground 
range for release of 1750 feet. In view of the many error 
sources active in fully automatic bombing of invisible 
targets, the above range error contributed by use of a 
linear range-speed approximation seems quite acceptable. A 
rudimentary analysis to determine bombing errors resulting 
from slight errors in determination of R, S and A, or in 
setting and T\ has indicated that the type of data 
considered in this chapter is markedly satisfactory for 
control of bomb release. More complete error analysis is 
needed, to permit a real comparison of accuracy to be made 
between this and other methods of controlling release of 
bombs . 


4 . Vertical Maneuver i kg 

a. Kinematics. An aircraft approaching a target in a 
steady climb or dive moves as indicated in Fig. V.-6, which 
differs from Fig. V. -3 only in including a vertical speed 
component V, considered positive when directed upward as in 
climbing. So long as the horizontal closing-speed component 
H does not change during approach, the time to elapse 
before the target is crossed is still related to present 
ground range G by the simple equation (V.5). 



Fig. V.-6* Gaoaetry of approach with 
vortical speed. 


From the similar speed- and range-vector triangles of 

Fig. V.-6, 




(V.29) 
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Iherefore, using (V. 5) and (V.7), 

= [^/t+v]% , (V.30) 

rather than the simpler equation (V.8), relates slant ran^ 
and slant speed for any chosen values of altitude, vertical 
speed, and time to target. The graph of equation (V.30) is 
similar to that of (V.8), except that t he minim um range for 
zero slant speed is no longer A but A\/ 1 + ^/a> Fig- V. -4 
therefore remains qualitatively applicable, and linear 
approximation giving a range R* remains permissible. 

Equations (V. 9) for depression angle a and (V.IO) for R 
re.nain valid, but (V.ll) must be replaced by 

6 = Wcosa-Ksina. (V.31) 

With the use of (V.31) instead of (V.ll), the same pro- 
cedures used for the case of level flight serve again to 
determine slopes and intercepts of the approximating lines, 
as well as maximum difference between approximate and true 
ranges. This time. 



the depression angle for maximum error is again given 
by equation (V.19). These expressions obviously revert 
for zero vertical speed to (V.14), (V.16), (V.18) and 
(V.22), respectively, fcach curve of Fig. V. -5 is simply 
the zero-vertical -speed member of a family of similar 
curves, each family representing one of the equations 
(V.32), (V.35) and (V.34) for various constant values of 
vertical speed. 

b. Bombing. Bombing from an inclined flight path, 
called dive or toss bombing according to the downward or 
upward slope of the path, is often decidedly advantageous. 
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Tinie of fall of the boinb in such a case, 
air resistance, is 

T = 



again neglecting 


(V.36) 


where vertical speed V is positive for clinbing liight. 
I'he bomb again remains directly below the aircraft that 
released it, so long as the latter does not change the 
horizontal component of its speed after release, i, el ease 
must therefore again occur prior to passage of aircraft 
over target by an interval equal to the ti'ne of fall of the 
bo rib. 


The value of altitude used to determine the geonetric 
corrections due to depression of tlie line of sight should 
be that existing at the instant of measuring slant range 
and slant speed, li'iie of fall, on the other hand, must 
be determined from the aircraft altitude at the instant 
of release. Let again represent time lag between the 
instant of observation of range and speed and the instant 
of release, but now let represent in addition the 
corresponding instrumental time lag from the instant of 
occurrence of a particular altitude until this altitude 
datum is made available for use. Ihe sequence of events 
in time is then as shown in Fig. V,-7. All data must be 
available at the instant, t seconds before release, when 


(all data 

MUST BE 

on^handJ 

SLANT RANGE 


ALTITUDE 

MEASURED 

AND SPEED 
MEASURED 

RELEASE 

1 

TARGET 

IMPACT 



4^ t.me — 

0 

ALTITUDE' Aa 



Fig, V.-7. 

Sequence of events in 

bombing . 


the final slant-range datum is accepted by the radar, ivange 
sensitivity and counter bias must be already finally set at 
this instant. Counter smoothing will introduce the sa.ne 
tirne lag in output response to bias changes as it does to 
counter -current changes. 

Considering vertical speed not to change in the small 
time intervals involved, and letting A^ be the aircraft 
altitude at the instant of final altitude observation, the 
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altitude when range is measured will be Vt ^ and that 
at release will be i4+K(T+T ). Range data sliould initiate 
release when range reaches the value corresponding to a 
tine to target of given by 




Inserting proper values of A and T in equation (V.32), the 
slope of the linear range-speed approximation is 

T' = (T^+t V (4 + Vtj- )jsina^sin a^j- , (V.38) 

where 

tana = U + Kt )/[H (r + T )] I 
1 ft & 1 r 8 I 

tana^ - (A + VrJ/[H^(T+rJ] .| 

Similar insertion ol values into (V.35) deterinines speed 
intercept as 

/(T^-^r ) (^sina^f / sin (V.40) 


Equations (V.38) and (V.40) would be quite complicated 
if written out fully in tenns of A^, V, H^, r^, and ; 
they signify simply enough that the correct s 1 ant- range- 
slant-speed relation for release is fully determined, 
even for toss or dive bonbing, by measured aircraft alti- 
tude and vertical speed (given the apparatus constants r^, 
H^, and /ig). Allowance to be made for residual range 
due to cable length is the same as in the case of level 
approach. 


c. Effect of Acceleration. To allow the freedom of 
vertical maneuvering necessary for an evasive approach, 
vertical acceleration of the bombing aircraft is necessary. 
Such acceleration has in general no effect on the actual 
release or fall of the bomb, because the bomb becomes 
completely free of the aircraft upon release and thereby 
ceases immediately to be affected by acceleration of the 
aircraft. Acceleration does act to alter the vertical 
speed of the aircraft during the time lag as well as 
during the time lag from occurrence of a particular 
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vertical speed to availability of this speed datum, and 
must therefore be taken into account. Altitude is also 
altered during time lags and , but usually to only 
a slight extent. 

Vertical acceleration will be considered not to change 
significantly in the short intervals involved. Horizontal 
acceleration, changing the magnitude of //, is not essential 
to evasive action and must be avoided. Vertical accelera- 
tion a (positive upward) will change the data sequence of 
fig. V.-7 to that of Fig. V.-8, where is the value of 
vertical speed at the instant it is last usefully observed. 

{ALL DATA 
MUST BE 
ON HAND) 


VERTICAL SLANT RANGE 

SPEED ALTITUDE AND SPEED TARGET 

MEASURED MEASURED MEASURED RELEASE IMPACT 



TIME; -(T/+Tv4Xs) “V ° 

ALTITUDE Aa Aa+VylCa ^a+Vy (Xoi-^Xs) 

'►i<^(Xa+Xs)(2Xv“Xa'^Xs) 

VERTICAL 

SPEED: Vy Vy + aXy Vy-^a(Xy i-Xs) 

Fig. V.-8. Sequence of events in bombing, with 
vertical acceleration. 

Time of fall still is given by equation (V.36), using the 
values of altitude and vertical speed that will occur at 
the actual moment of release, which are 

A - A (r+T )+^a(T+T )(2 t“T+t ) 

rava® as vaa 

V = V + air + T ) 

r V vs 

The value of T to be used in (V.32) and (V.35) for deter- 
mining T* and S^, and in (V.9) for a, is Values 

of altitude and vertical speed to be used in (V.32) and 
(V.35) are those that will occur at the moment of making 
the final observation of slant range and speed, which are 

A = A-^V T’^’V^ar (2 t - r ) 

8 a V a a V a 

V =: V -far 

S V V 

Unless vertical accelerations are maintained long enough 
to result in considerable changes of altitude, no effective 
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evasive action results. That is, rapid and frequent 
reversals of flight-control effort defeat their own intent 
and will normally be avoided. Hight paths with altitude 
varying roughly sinusoidally, with a rather long period 
and a large amplitude, are probable and useful. This 
supports the above assumption that vertical acceleration 
will not change significantly during the short time lags 
of radar operation. 

For a bomb released during a steep climb, the time of 
fall is substantially increased by the vertical speed, so 
release must occur early or at long range. Likewise, a 
release during a dive must be made at short range. If the 
correct release was not reached in a given climbing section 
of the approach, the marked decrease of range for release 
on going into the following dive makes it unlikely that 
the release point will be reached during that dive, hapid 
increase of correct range for release during the pull-up 
following the dive makes a release in that phase of the 
approach probable. In a vertically wavy approach, there- 
fore, it is improbable that release will occur during 
the diving portions. 

Downward acceleration of the aircraft has some interest- 
ing properties. The effect of downward acceleration for 
which allowance must be made is, as in the case of upward 
acceleration, merely to alter vertical speed V, altitude 
At and through them time of fall T^, between the instants 
at which particular values of A and V occur and the earli- 
est instant at which the radar equipment can cause bomb 
release based on those particular values, hut if the down- 
ward acceleration exceeds that of gravity, the aircraft 
with bomb attached is falling faster than would a free 
bomb. If a bomb were released under such a conditim, it 
could not fell from but would rather be pushed down by 
the aircraft. 

Time of fall decreases rapidly under strong downward 
acceleration, whatever the altitude or vertical speed. 
During one second of flight with downward acceleration 
exceeding that of gravity, the aircraft comes only one 
second closer to passing over the target. But during the 
same second of flight, the time required for a bomb released 
from the aircraft to fall to the ground decreases by more 
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than one second. The proper moment for release is there- 
fore receding into the future throughout the duration of 
any mane\iver in which a downward acceleration exceeding 
one g is maintained. If release has not occurred before 
sucli a maneuver is begun, it cannot occur until after the 
maneuver is completed and a has returned to an algebraic 
value greater than "“ig. 

High downward acceleration before release inhibits the 
release while it is applied, but does not in any way dis- 
turb the occurrence of a normal release after the downward 
acceleration is reduced. High downward acceleration just 
after release, however, might cause the aircraft to over- 
take the falling boml) and disturb its motion. High upward 
acceleration does not affect the j)Ossibility of release, 
but does require strong correction of observed A and V 
for time lag in eijuipment. 

d. A Simpler Approximation* Qiange in time of fall 
of the hornb is mainly resf)onsible for the effect of vertical 
speed on release range. Fig. V.-9, depicting equation 


0 ^ 



ALTITUDE A. FT 

Fig. V.-9. Effect of vertical 
speed on time of free fall. 

(V. 36), shows how strongly vertical speed affects time of 
fall. Corrections for depression of line of sight are 
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sma]] anyway, and slight errors in such corrections as a 
result of moderate vertical speed do little damage. Hie 
vertical speed required to upset time of fall in the 
approximation developed in section 3 lor level approach is 
small enough to be hard to avoid. Forturjatel y , a rather 
simple approximate correction is possible for such small 
vertical aircraft speeds as may occur unintentionally. 

Vertical speed developed in free fall through altitude 
A starting from rest is 

V^ - / 2 i4g (downward). (V.43) 

A body starting from rest >^ill fall from some altitude A* 
in the same length of time as is required to fall from A 
when starting with upward vertical speed F. Equating the 
time of fall given by equation (V. 3) for A* to that given 
by (V.36) for A and V, and using (V,43), 


A'^ + + 2 % . (V.44) 

^ 0 0 OJ • 

For small vertical speeds, is approximately 


/!'= A 


'+2V'/ 


(V.44a) 


liemembering that V is dA/dt, and taking into account 
(V.43), (V.44a) becomes 


or, to the same degree of approximation, 


(V.45) 


4'= A^l-2yVg‘ • (V.45a) 

This value of A* used in (V.3) determines the actual time 
of fall to a good approximation for such small vertical 
speeds as may occur unintentionally during "level" flight. 
In certain radar altimeters, a voltage quite closely pro- 
portional to exists, and the above expression suggests 
the possibility of compensating very simply for changes in 
time of fall caused by small vertical speeds. 

Hie coefficient + V determining speed intercept 
[equation (V.35)] is at release, to the same degree of 
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approximation as above, A* /T* llie same trick that corrects 
time of fa]] thus gives also an improved intercept. Any 
harm done by using A' in p]ace of A to determine and 
is s]ight, so A' is the on]y variab]e parameter which 
must be known in order to make a]] radar adjustments. 
For sma]] vertica] sf)eed, the eftect of time ] ags and 
on the a]titude va]ue to be used for the depression- 
ang]e corrections is quite neg]igib]e. Addition oi r 
to time of fa]] is the on]y important correction for 
radar ]ag. 

5. LEVEL FLIGHT ROCKET FIRING 

Vihen rockets are fired forward from an aircraft in ]eve] 
flight, the ba]]istics of the motion is so comp]icated 
that an ana]ytica] approach to the prob]em of radar fire 
coutro] seems unprofitab]e. tortunate]y, however, a ]arge 
amount of experiments] data on rocket ba]]istics is avai]- 
ab]e and an empirics] solution is therefore attainab]e. 

Fig. V. -10 shows the essentia] geojiietry of rocket firing. 
The rocket is initia]]y directed along the indicated 
] auncher ]ine and upon ignition is subjected to a pro- 
pu]sive force in that direction. The wind stream tends 
to turn the rocket into the ]ine of flight of the firing 
aircraft as soon as it ] eaves the ] auncher, The prop^ulsive 



Fig. V.-IO. Geometry of level-flight rocket firing. 

force of the driving jet of the rocket of course changes 
direction as the rocket turns. The net result is that 
the rocket travels as though started along the effective 
launching line of the figure and not thereafter turned by 
the wind stream. Its propellant exhausted very soon after 
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launching, the rocket then falls under the influence of 
gravity. 

Angle of attack of the rocket launchers, a in the figure, 
may be found from tables for any given aircraft type and 
launcher installation. This angle varies with gross weight 
and indicated air speed of the aircraft, to a degree 
depei^ding upon the aerodynamic characteristics of the 
craft. A factor for converting from a to angle of attack 
a of the effective launching line is available from other 
tables. This factor depends upon type of launcher and 
type of rocket; it varies with indicated air speed of 
aircraft and with temperature of rocket propellant. Still 
other tables provide values of the angle y subtended by 
the gravity fall of the freely flying rocket. Ihis angle 
depends primarily upon type of rocket and slant range to 
target, but io also markedly affected by true air speed of 
firing aircraft and temperature of rocket propellant. 

from the angle of attack a* of the effective launching 
line and the angle y of the gravity fall, the angular 
depression a of line of sight to target below the hori- 
zontal flight path follows at once by subtraction. Given 
slant range R to target and angular depression a, for a 
chosen air speed, the required altitude A for firing is 
determined. In low-altitude, level -flight rocket firing, 
all the angles involved are fortunately so small (though 
exaggerated in Fig. IV. -10) that no distinction need be 
made among angle, sine and tangent, or between cosine and 
unity. For low altitudes and normal rocket-firing tempera- 
tures, it is also unnecessary to distinguish between true 
and indicated air speed or between slant and ground range. 

The available range-speed-altitude data for various 
rockets and aircraft can be plotted in the form of curves 
relating slant target range to air speed at the instant 
of firing, for constant altitude and propellant temperature. 
If wind and target motion are absent, slant closing speed 
is equal to air speed of aircraft. For each combination 
of type of aircraft, type of rocket, and type of launcher*, 
one curve is required for each of a representative set of 
flight altitudes, at each of a representative set of firing 
tenperatures. Curves that are typical of the behavior of 
certain fast rockets when fired from a slow aircraft 
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are shown in Fig. V. -11(a), while Fig. V. -11(b) presents 
curves typical of slow rockets when fired from a fast 
aircraft . 



Fig. V.-ll. Typical effect of air speed on 
rocket-f iring range. 

It is immediately evident from the figure that, for slow 
rockets and fast aircraft, a linear approximation to the 
Ange-speed relation at release will be highly satisfac- 
tory. This is the case in which the rocket turns well into 
the wind stream before much of its propellant is expended, 
so that angle of attack of the aircraft has little effect 
on the firing range. At the other limit, with fast rockets 
and slow aircraft, the direction of thrust for a consider- 
able part of the brief interval of rocket propulsion is 
seriously affected by the attitude of the aircraft, and 
the variation of firing range with air speed is much less 
linear. The range of operating speeds at which any given 
aircraft will be used in attack is small, however. A 
linear approximation over a limited range of speeds in 
the neighborhood of rated military air speed is therefore 
acceptable even in the unfavorable case. 

For each curve, the slope and intercept of the best 
approximating line may be determined graphically. From 
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tabulation of the constants of many such lines, it is found 
empirically that the approxirretion is hardly impaired by 
imposing a further restriction. This is that, for a given 
type of rocket, speed intercept shall always differ from 
the mid-range speed 5^, which is characteristic of the 
firing aircraft, by a constant amount 5^. is therefore 
chosen to be independent of aircraft type, propellant 
temperature and flight altitude. 

For each aircraft-rocket combination, it is also found 
empirically that the variation of approximate firing range 
with propellant temperature depends only slightly upon 
flight altitude and air speed at firing. This is of consid- 
erable practical importance, as it permits propellant- 
temperature corrections to be well approximated by simple 
constant range increments for any single combination. The 
temperature range to be covered is limited, as rockets 
burn unreliably if the propellant is too cold and may 
explode if it is too hot. 

Because of tliermal time lags, effective temperature of 
the propellant depends upon thermal history of the rocket 
for some hours before firing and must be estimated with 
regard to that history. hange-speed relationships for 
some typical effective temperature such as 60*^ F. may be 
taken as characteristic of a given rocket fired from a 
given aircraft, and overall behavior may then be repre- 
sented by a tabulation of range increments or ballistic 
corrections for other temperatures. 

The behavior of each combination of rocket and aircraft 
at the reference value of propellant temperature is fully 
determined to a good approximation by: the mid -speed S^, 
or military operating speed, of the aircraft, the excess 

of 5^ over the common intercept of the speed-range 
lines on the speed axis, and the values of firing range 
R^ at mid speed for each value of altitude. For each 
combination, R^ depends only on altitude and this depend- 
ence may be plotted. Fig. V. -12 shows several curves 
typical of such plots, with altitude displayed on a linear 
scale and mid-speed range on a logarithmic scale. Alti- 
tudes used vary between a minimum safe value for blind 
flying of 100 feet and a maximum corresponding to a firing 
range of about 6000 feet. 
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Fig. V.-12. Typical effect of altitude 
on rocket- firing range. 

Examination of numerous graphs of R^ versus A makes 
it evident that all can be well approximated over an 
adequate range of altitude by parallel displacement of a 
single standard curve. This third empirical general rule 
is of especially great practical value. Displacement 
along the linear altitude scale of the figure corresponds 
to choice of diflerent reference levels from which to 
measure altitude. Displacement along the logarithmic 
range scale corresponds to choice of different multiplying 
factors for mid-speed range. A standard curve of the 
general functional form 

l/F = HJh^ = m ^0+ f25)/U- V 865) (V.46) 

is shown dashed in Fig. V.-12, for particular values of 
A^ and reference from which altitude must 
be measured in feet to fit a specific aircraft and rocket, 
and is the value of mid-speed range at which to fire 
that rocket from that aircraft when flying at the reference 
altitude both A^ and R^ depend only on aircraft type 
and rocket type. Ihe single al titude -compensation function 
F given by equation (V.46) is evidently useful for both 
types of rocket-aircraft combination illustrated in the 
figure, and has in fact been found applicable as well to 
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a]] of a considerable nurnber of actual combinations inves- 
tigated. 

A very large amount of ballistic data is represented 
to a good approximation by the group of straight lines 
fulfilling the equation 

%- % = ^ (''• 47 ) 

Or r 0 

between slant range R and slant closing speed 5. heference 
altitude A^ and range factor/?^ depend on choice of both 
aircraft and rocket to be used, speed factor 5^ depends 
only on choice of rocket, and mid-speed only on choice 
of aircraft. Ballistic range correction R^ depends on 
aircraft, rocket, and departure of propellant temperature 
T from a chosen standard reference value , while the 
numerical altitude-correction factor F is the function 
given by (V.46) of the parameter altitude-above-reference, 
A-Aq. 

Each ai rcr aft- rocket combination can therefore be fully 
characterized by a predetermined set of values for four 
constants A^, and and a brief tabulation of 

against T-7’ . Ballistic correction is negative for 
temperatures above and positive for those below T^, with 
the choice of sign used in (V. 47), Firing range is fully 
determined by the values of these constants and the alti- 
tude A of the level firing flight. 

Time lag in the radar and firing circuits was included 
as a range increment St in plotting the curves typified 
by Fig. V.-ll, so is fully accounted for. Residual range 
R^ due to radio- frequency cables may simply be subtracted 
from ballistic correction R^ for propellant temperature in 
applying the latter, so requires no special provision. 
Still further range corrections may be applied in the same 
way as to alter the mean point of impact of the 
rockets so as to allow for any special operating condi- 
tions; a positive correction will move the point of impact 
to a position beyond the target as seen from the firing 
craft. 

One striking characteristic of low-altitude, level- 
ilight rocket firing may be mentioned here. This is that a 
slight variation in altitude of the missile upon arrival 
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at the target region results in a drastic variation of the 
range of its impact upon the land or sea surface around 
the target. The cause is of course the flat trajectory 
of the rocket and its consequent very small angle of 
impact. An erroneous impression of inaccuracy in level- 
flight rocket firing, as compared to bombing or rockets 
fired from a dive, can easily result from this effect. 

Expressed in terms of angular depression a of line of 
sight, variation of which may be compared directly with 
that of the sighting angle used to control visual firing, 
the errors introduced by the approximations leading to 
the linear firing equation (V. 47) prove in general to be 
quite acceptably small. These approximation errors 
are indeed less than the angular dispersion that is nor- 
mally characteristic of rocket missiles. The presence 
at firing of any vertical motion of that part of the air,- 
craft which carries the rockets will alter the aim of 
the line along which rocket propulsion takes place and 
so produce appreciable error. Rocket firing therefore 
requires more careful flying than does bombing. Vertical 
acceleration will require an altered angle of attack to 
maintain flight and also produce errors, though relatively 
small ones; the smallness of errors of this sort permits 
neglect of the effect of normal variations in aircraft 
load distribution and total loading. It may be possible 
to correct for measured vertical speed in an approximation 
of the type of (V.47), but this problem has not been 
investigated. 

The approximation (V.47) for level -flight rocket firing 
differs from (V.26) for level -flight bombing in two main 
ways: constancy of speed intercept as altitude varies, 
and use of the arbitrary altitude-correction function F 
given by (V.46) for control of range sensitivity. Appli- 
cability of (V,47) to bombing must now be considered, to 
see whether one equipment can launch both types of missile. 
Approximation lines subject to the above two restrictions 
have been fitted graphically to the true bomb- release range 
curves of equation (V.8) (with the curves corrected for 
time lag r^) and the resulting errors have been studied. 
As might be expected, the result is that a satisfactory 
bombing approximation may still be obtained, but only over 
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a restricted range of closing speeds. This is not nec- 
essarily a serious limitation, as operating speed for a 
single type of aircraft does not vary widely, and equipment 
which is to fire rockets niust be adjusted to the aircraft 
in use anyway. 

The main differences found between rocket and bomb 
approximations of the same type are in the characteristic 
range and the characteristic speed 5^. Since rockets 
and bombs fall through equal altitude differences in roughly 
equal times and the rockets travel forward much the faster, 
R^ is of course much larger for rockets than for bombs. 
For rockets, is independent of aircraft speed and is 
of the order of magnitude of the speed increment imparted 
to the rocket by its own propellant. tor bombs, the 
actual speed intercept, 6^ or is the quantity 
independent of aircraft speed. Ldfferent values of must 
therefore be used when bombing from aircraft having widely 
different mid-operating speeds 5^. 5^ need not be changed 
when bombing from any of various aircraft of nearly equal 
S^, however. There is, of course, no propellant- temperature 
correction R^ for bombs. The value of reference altitude 

T . 

A^ for bombs appears to be independent of aircraft. While 
different from that for bombs, the rocket value of A^ 
varies only moderately with type of aircraft or type of 
rockets. A^ does seem to depend, however, on whether 
rockets are fired directly from racks on the aircraft, or 
while in free fall after release from the racks. 

6. EFFECT OF AIR RESISTANCE 

a. General* Neglect of the effects of air resistance 
is quite justified in bombing from sufficiently low alti- 
tudes, at sufficiently low air speeds, with bombs of 
sufficiently good aerodynamic properties. What happens 
when these conditions are not met must now be considered. 
Air resistance can of course never be neglected in the 
case of rockets; it has been implicitly taken into account 
in the preceding section by use of data from actual rocket 
firing as the starting point. 

In the absence of air resistance, it is immaterial 
whether speed of approach of firing aircraft to surface 
target is due to motion of the aircraft through the air 
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(air speed), to motion of the air body over the earth 
(wind), or to motion of the target over the earth (target 
speed). In the presence of air resistance, wind and target 
speed do not act directly to change the motion of the 
missile through the air, while air speed of the firing craft 
does so act. Eftects of wind and target speed are indis- 
tinguishable, and the two together will hereafter be 
referred to simply as target air speed. For a given 
closing sp)eed, correct missile-launching range will there- 
fore depend on the relative values of aircraft and tar- 
get air speed, 1-m radar data, giving overall slant 
closing speed only, is thus insufficient to determine 
fully the correct instant for release when air resist- 
ance is important. The procedure required to allow 
most nearly for windage depends on the particular case 
in question. 

b. Rockets. For rockets, the procedure of section 5 
gives correctly the range in air from firing point to point 
of impact. The presence of a target air-speed component 
in the line of fire results in the target having a different 
position in the air at the instant of rocket impact from 
that which it had at the instant of rocket firing. Firing 
must be controlled on the basis of predicted target 
position at impact. 

lime of flight of rockets is available from tabulated 
data for various rocket types, propellant tenperatures, 
slant ranges, and aircraft air speeds. Given target air 
speed in line of fire, target displacement in air range 
during firing lag t and subsequent rocket flight can there- 
fore be determined. Starting at any chosen point on a 
range-speed curve for zero wind and target speed (see 
Fig. V. -11), the change in range for a small increment 
of target air speed may be plotted. The short dotted 
lines of Fig. V. -11 are such incremental target air-speed 
plots. Starting from the intersection of a dotted line 
segment and the corresponding curve in the figure, a change 
in closing speed due to altered air speed of firing craft 
will change the proper firing range according to the curve. 
A similar change in closing speed caused by target air 
speed will require the change in firing range given by the 
dotted line. 
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Inspection of Fig. V. -11(b) wi]] show that for slow 
rockets fired from fast aircraft, changes in target air 
speed have practically the same effect as charges in air 
speed of firing craft, so that firing range is determined 
solely by overall closing speed. This happy result is 
probably largely fortuitous. For fast rockets fired at 
low air speed, Fig. V. -11(a) shows that the effect of speed 
variation of aircraft is strikingly different from that 
of speed variation of target. The best that can be done 
is to make a compromise choice of approximating line. 
Since the operating speed range of a given aircraft is 
much more restricted than the possible range of wind 
and target speeds, this choice should favor the dotted 
lines in slope as much as possible. 

c. Bombs. The effect of air resistance on bombs is 
to cause them to lag behind or trail the dropping aircraft 
rather than to remain directly below it while falling, 
as well as to prolong slightly their time of fall. The 
deceleration producing the trail depends upon aerodynamic 
characteristics of the bomb, density of the air, and air 
speed of the bomb. Resulting total trail in range at 
impact is inversely proportional to a ballistic coefficient 
which characterizes the performance of the bomb (this is 
really just a definition of the ballistic coefficient), and 
is rather roughly proportional to the 1.7 power of the 
air speed. For release at zero vertical speed, trail is 
rather closely proportional to altitude. These well known 
generalizations are deduced from available tables of 
values of trail. Study of values of trail specially 
computed for dive and toss bombing has shown primary 
dependence on vacuum time of fall, with the separate 
values of altitude and vertical speed at release exerting 
a real but relatively slight influence on the overall 
resul t. 

The best method of correcting for trail depends upon 
the operating conditions to be met. Where a very wide 
range of closing, speeds must be covered without readjust- 
ment, the main variable will be air speed of bombing 
aircraft. For this case, the range-speed curves to be 
approximated may be plotted with trail as a function of 
speed and time of fall included, for a bomb of medium 
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ballistic coefficient. Trail decreases the range at which 
release should occur, and decreases it the more the higher 
the speed. This correction therefore tends to straighten 
out the range-speed curves of Fig. V.-4, and indeed may 
make the linear approximation practically a perfect one. 
The trail will only be correctly compensated in this way for 
zero air speed of target, however. Variations of radar* 
measured closing speed which are really caused by air 
speed of target will be interpreted as changes in air 
speed of bombing craft, and corresponding trail corrections 
will be provided though not needed. Yet nothing better 
can be done in the case of a wide speed range without 
introducing separate data on closing speed and air speed. 

Where adjustment for a particular type of aircraft is 
permitted, only a very narrow range of air speed of bomb 
at release is to be expected. A single trail value corre* 
spending to mid-operating speed for the aircraft concerned 
may be used in this case for each altitude, as a correction 
to release range for all closing speeds. Where it is 
only practicable to apply one value of correction for each 
altitude, the value used will normally be that for a bomb 
of medium characteristics. Since no wrong corrections are 
applied as target air speed varies, this type of operation 
is probably the more accurate. 

As altitudes and speeds increase, the point at which neg- 
lect of trail in bombing is no ledger permissible is soon 
reached. For all altitudes at which f-m radar has yet been 
found useful and all speeds at which accurate low-level 
bombing has been attempted, however, the trail occurring is 
small. This fortunate circumstance makes it unnecessary to 
apply extremely precise trail corrections. Cross trail, 
important in high-level bombing, can be neglected entirely. 

7. ROCKET SIGHTING 

Rockets are fired from aircraft at visible targets with 
the aid of an optical sight, usually from a diving approach. 
Firing is done when a predetermined angle exists between 
line of rocket launchers (see Fig. V.-IO) and line of sight 
to the target. Sighting angle required depends upon type 
of launcher, type of rocket, propellant temperature, type 
and loading of aircraft, dive angle of aircraft in attack, 
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acceleration of aircraft normal to line of flight, air speed 
of aircraft, air speed of target, and slant range of target 
from aircraft. Some reduction of these ten parameters de- 
termining the sight depression is necessary to make the 
sighting problem at all tractable. Fortunately, type of 
aircraft, type of launcher, and type of rocket do not vary 
during the attack and can be taken into account before- 
hand. Normal operating variations in gross aircraft load- 
ing have a negligible effect. 

If the line of aim established by the setting of the 
sight is continually adjusted to maintain a proper angle 
with the line of the launchers, the aircraft need only be 
flown so as to hold the target on this aiming line in order 
to be continuously ready for rocket firing at any preferred 
phase of the attack. This will result in steady flight 
along a smooth, slightly curved path; acceleration normal 
to the flight path caused by such curvature will be negli- 
gible. Additional normal acceleration may be avoided by 
careful flying or, if sufficiently steady, may be counter- 
acted by a time lag in firing. Air speed of aircraft and 
air speed of target affect sighting somewhat differently. 
Their effects are similar, however, and 'allowance may be 
made for both at once, over a limited but useful range of 
operation, in terms of speed of closing of aircraft on 
target. 

Sighting angle still remains a function of four varia- 
bles, even under the above restrictions. These variables 
are range, closing speed, dive angle and propellant tem- 
perature. Depression angle of line of sight below line 
of launchers is, with reference to Fig. V.-IO, a-rf+y. 
This angle may be determined from tables and will be 
referred to as J3. Dependence of on slant range R and 
slant closing speed S is known empirically to be approxi- 
mated closely by 

y8=BR-i)S+JilS+/8^, (V.48) 

where B, D, J and are constants for. any given dive 
angle, propellant temperature and type of rocket and air- 
craft. This approximation, however, is not well suited 
to the application of i-m radar. 

Trial fitting of tabulated data suggests applicability 
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of the more convenient approximation 

/3 = (V.49) 

where values of S^ and J3^ are fixed for a given rocket 
and aircraft, but coefficients B and D stilly depend both 
upon dive angle 0 and propellant temperature T as well. 
With coefficients determined by least-square fitting, this 
form of approximation is found to reproduce experimental 
data for one fast rocket fired from one slow airplane 
over a useful range of <^, T, R and S (with zero wind and 
target speed) quite well, though not as well as does 
(V.48). hoot-mean- square errors in sighting angle given 
by (V.49) are acceptably small, and even the peak errors 
at the limits of R and <S are less than the natural dis- 
persion of the rockets. 

Values of B and D found in this way show trends sug- 
gesting the possibility of replacing B by (6-h0-jT) and D 
by (d-pT)cos 4>, where b, d, j , h, and p are constants for 
a given rocket and aircraft. This, if acceptable, gives 
an approximation linear in slant range and closing speed, 
and with the effects of dive angle and temperature fully 
segregated, with seven constant coefficients for each 
combination of aircraft and rocket. Unfortunately, priority 
of other work limited this study almost entirely to a 
single aircraft and rocket; the general utility of the 
results therefore remains undetermined. 

8. MOTION IN AZIMUTH 

a. Collision.^ No discussion of aircraft and missile 
motion is complete while confined entirely to conqponents 
of motion in the vertical plane through aircraft and tar- 
get. Motions transverse to the line of sight are, however, 
of less present concern than those along that line, because 
f-m radar has not found any peculiarly advantageous appli- 
cation to measurement of transverse motion. Observation 
of target position and motion in azimuth by f-m radar is 
entirely feasible but not different in any significant way 
from corresponding use of other radio systems. 

The important features of moticai in azimuth depend upon 
the type of attack required. If the aircraft is to be 
flown to collision with its target, two main types of 
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approach must be considered.^* The aircraft may be kept 
always pointed directly toward the target and flown in on 
a homing course. This keeps the air-speed vector of the 
aircraft pointed directly at the target. In the presence 
of wind or target motion transverse to the line of sight, 
the homing aircraft must turn to remain pointed at the 
target and so will approach along a curved path. In the 
other type of approach, the direct radial or navigation 
approach, the aircraft is headed steadily in such a direc- 
tion as to reduce to zero the relative target motion 
transverse to the line of sight. This keeps the total 
velocity vector of the aircraft relative to the target 
pointed directly toward the target. The target then 
remains in a fixed angular position with respect to the 
head of the aircraft throughout the approach. 

The turning radius that must be made good by the air- 
craft in a homing approach to a transversely moving target 
will depend on the closeness of approach and the ratio of 
aircraft speed to target speed. Detailed study of the 
kinematics of the motion shows that if aircraft speed 
exceeds twice target speed, maximum permitted turning 
radius must approach zero as the aircraft approaches 
collision with the target. Aircraft require a considerable 
minimum turning radius, however. Ibis is incompatible 
with the vanishing maximum radius permitted in achieving 
collision by homing procedure at speed ratios normal for 
aircraft approaching surface targets. 

True radial approach requires determination of the 
transverse component of relative motion of the target. 
Direct, accurate measurement of this velpcity component 
is a problem not yet satisfactorily solved, however. A 
trial -and-error approximation to the radial approach is 
therefore used. The aircraft must be provided with a 
directional reference element, such as a gyroscope, which 
retaifis a fixed orientation in space. Ihere is also pro- 
vided a directional antenna or other target -sighting device 
rotatable about a vertical axis. In true radial approach 
the sighting device, when once pointed at the target and 
thereafter maintained pointing in the same direction in 
space, will continue to point at the target throughout 
the approach. 
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In actual operation, transverse motion of the target 
will cause it to drift out of the line of sight of the 
sighting device originally pointed at it. The sighting 
device may then be turned to point again at the target and 
the head of the aircraft may at the same time be turned in 
the same direction and by a greater amount. Both turning 
angles are to be measured against the fixed gyro directional 
reference. The sight will again drift off the target, 
though maintained in a fixed direction by the gyro, and the 
sight and aircraft may again be re-aimed. This is the 
navigation process required to establish approach along a 
definite radius from the target. 

Successive corrections, with the aircraft turned more 
than the sight in each case, will in time reduce substan- 
tially to zero that component of the motion of the target 
relative to the aircraft which is transverse to the line of 
sight. This occurs because the heading and so the air 
speed of the aircraft is gradually turned away from the 
line of sight, developing a transverse air-speed component 
just sufficient to match the combined transverse components 
of wind and of proper target speed. Fig. V.-13 illustrates 



Fig. V.-13. Successive approxiaat ion to 
radial approach. 

such an approach, as seen by a fixed observer. To simplify 
the picture, sight-pointing correction is made in this 
example only in increments of 5 degrees and only when the 
sight error reaches 5 degrees. After the third correction, 
with aircraft and target at points 4 of the figure, the 
approach has become radial to the full accuracy permitted 
by the large correction increment. The unduly frequent 
and large corrections just before interception result from 
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the excessive increnient chosen for illustration. Full -line 
arrows in the iSgure represent velocity vectors of aircraft 
and target; dotted arrows indicate aim of sighting device. 

The successive-approximation method of navigation 
permits satisfactorily direct approaches so long as the 
ratio of aircraft speed to target speed is normally high. 
Interception then results even when the target is iTianeuver- 
ing as violently as it is able to do. The ratio of angle 
turned through by aircraft to angle turned through by 
sighting device at each correction, the navigation ratio 
of the approach, has a strong effect on the path of the 
aircraft. When accurate sighting facilities and fast, 
accurate response of the aircraft to control are available, 
a high navigation ratio (large corrections to aircraft 
heading) results in rapid attainment of substantially a 
true radial course. For the crude sighting capabilities 
of a small directive antenna, high navigation ratio is 
only likely to introduce oscillation or hunting into the 
motion of the aircraft. Such undesirable effects are 
enhanced by the fact that the effective direction of radar- 
signal return from a large target at short range is often 
unstable, shifting at random from one portion to another 
of the target. 

Missile Launching. Once released, a freely falling 
bomb is not subject to control; it remains during its fall 
almost directly below the bombing aircraft if the latter 
also is not subjected to control after release. Bombing 
aircraft must be well established on a radial course toward 
the target at the moment of release. The bombs will then 
continue along the radial path and so strike the target. 
Homing procedures do not yield bomb hits in the presence 
of cross winds, but navigational approach procedures do. 

Rockets are aimed by turning the aircraft with its 
attached launching racks. A radial approach in a cross 
wind, with the aircraft not headed directly toward the 
target, cannot produce rocket hits. The aircraft must at 
firing be headed substantially directly toward the target, 
as in homing approach. The time of flight of the rockets, 
however, is not entirely negligible, so the aim must lead 
the apparent transverse target motion by a slight amount. 
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No work has been done toward determing this lead for 
rocket firing by f-m radar. 

9. NOTATION AND REFERENCES 

a* Notation* The algebraic notation used in this 
chapter is listed alphabetically below. 

a Vertical acceleration of aircraft (positive up* 

ward); also, angle of ottack of rocket launchers. 

a* Angle of attack of effective line of rocket launch- 
ing. 

A Altitude of aircraft (and radar). 

A^ Reference altitude. 

A^ Altitude at aonent it is measured. 

A^ Altitude at noaent boob is released. 

A Altitude at moment slant range and speed are meos- 

* ured. 

A' Altitude aodified to coapensate vertical speed. 

6 Partial range coefficient for rocket sighting. 

B Coefficient of range in analysis of rocket sighting, 
c Velocity of radio-wave propagation in space. 

d Portial speed coefficient in rocket sighting. 

D Difference between exact and approximate slant 

ranaes; also, coefficient of slant speed in ana* 
lysis of rocket sighting. 

Maxiaum error in approximating slant range. 

Bias component of f-a radar output voltage. 

e Output voltage of f-a radar at which relay is ac- 

^ tuated. 

F Function of altitude which determines firing range, 

g Acceleration of gravity. 

G Ground range, or horizontal component of distance, 

between aircraft (and radar) and target. 

G /G^ Ground ranges at minimum and maximua horizontal 
^ * approoch speeds. 

h Partial coefficient of dive angle and range in 
rocket sighting. 

speed counter sensitivities in f*m rcdar. 

H Horizontal or ground speed of approoch of aircraft 

(and rodar) relative to target. 

^1*^2 values of horizontal speed. 

j Partiol coefficient of propellant temper ature and 
range in rocket sighting. 

J Coefficient of range-speed product in rocket sight- 
ing. 
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k ,k Range and speed beat -producing sensitivities of 
“ ® f-n radar. 

L Length of radio- frequency lines in radar. 

p Partial coefficient of propellant temperature and 
speed in rocket sighting. 

R Slant range or distance between aircraft (and ra- 
dar) ana target. 

R Reference firing range for mid speed and reference 
altitude. 

i) /i? Slant ranges at minimum and maximum horizontal 
^ ^ approach speeds. 

R^ Residual range equivalent of r-f lines. 

R^ Ballistic correction to range for rocket propellant 
temperature. 

R,R Range values given by linear approximations. 

«S Slant speed of approach of aircraft (and radar) 
relative to target. 

Intercept of lineor range-speed approximations on 
” s peed ax is . 

•S Slant speeds at minimum and maximum horizontal 
^ ^ approach speeds. 

Mean operating speed of aircraft. 

5^ Reference speed, or excess of over S^. 

T Time required for aircraft to travel from present 
position to position on vertical line through tar- 
get; also, temperature of rocket propellant. 

Reference temperature of rocket propellant. 

T£ Tine required for bomb to fall from altitude of 
aircraft to ground. 

T* Slope of linear ronge-speed approximation. 

V Velocity of radio-wave propagation on transmission 
line. 

V Vertical speed of aircraft (and radar), positive 
upward . 

V Vertical speed (magnitude) gained in free fall, 
from altitude of aircraft to ground. 

Vertical speed at moment bomb is released. 

Vertical speed at moment slant range and speed are 
measured. 

Vertical speed at moment it is measured. 

CL Angular depression below horizontal of line of 
sight from aircraft (and radar) to target. 

Angular depression at minimum and maximum hori- 
* zontal approach speeds. 

/3 Angular depression below rocket-launcher line of 
line of sight from aircraft to target. 
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Reference Tolueji of eight depreeeion. 

y Angle subtended at oircraft by gravity fall of 
rocket during its flight to target. 

T Tine lag fron occurrence of measured oltitude un« 

^ til result of measurenent is ovoilable os datum. 

Time lag from occurrence of final volues of slant 
range and slant speed until bomb release. 

Time lag from occurrence of measured vertical speed 
until result of measurenent is ovaildble as datum. 

4> Dive angle of aircraft path, 

b. Reference. 

1. L. C. b. Tsss: . **Ro«iSf ssd Rsvifstiossl Coarsss of Avtomstic 
Tsrgot*Soek isg Devices**, Report so. 1 seder costrect NXse-25337 
(Dec. 13. 1943). 
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CHAPTER VI. 


SIM6LE-TARGET F-M RADAR SYSTEMS 

1 . General 

The elements described in Chapters III. and IV. may be 
combined and modified in various ways to produce complete 
frequency *modul a ted radar systems. For operation against 
single or isolated targets, these systems may indicate or 
control range, speed or both, or they may launch missiles 
under such conditions as are discussed in Chapter V. 

Of the f-m radar systems which have been developed, the 
altimeter *AN/APN^1 (with two very similar predecessors) 
and the low-altitude automatic bombing equipment AN/APCri 
reached production and ^aw operational use in the recent 
war. Production designs were completed on radar systems 
AN/APGr6 (with azimuth determination) and AN/APG-17 for 
automatic bombing, but these were never produced because 
of changing operational requirements. Rocket-firing equip- 
ment AN/ APG^ 17A{XN^ 1) was undergoing (light tests and ready 
for production design when the war ended, and approach- 
control equipment i4/V/SP/V-2(AIV-i) reached a similar stage 
shortly thereafter. These six typical systems and their 
uses are described in this chapter. 

Functional circuit diagrams are included to indicate 
circuit arrangements and consonant values found suitable 
for the systems here described, but no attenpt is made to 
describe in detail the design and operation of all cir- 
cuits. Detailed descriptions of these systems and their 
operation may be found in the Handbooks of Maintenance 
Instructions for the six equipments. Special auxiliary 
features which are included in the AN/APG-6 and AN/APCrl7 
equipments but are not essential for their operation are 
covered in Chapter VII. Methods and equipment for calibra- 
tion of f-m radar systems are also discussed in Chapter VII. 

System design is not a matter of routine application of 
a few general rules. Each system calls for the modification 
and elaboration of basic apparatus to meet a particular 
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set of specific requirements. Tlie art of system design is 
therefore made up of the case histories of individual 
equipments. Tliis chapter and Chapter VIII. are intended 
to illustrate ways in which it has seemed practicable to 
adapt the capabilities of f-m radar to meet highly spe- 
cialized and detailed requirements. The specific military 
applications discussed may prove to be of only tenporary 
interest in themselves, but have led to equipments which 
should remain valid examples of f-m radar system planning. 

2. Ratjar Altimeter ^an/APN-1 

a. Description. Altimeter models AYR and *AN/ARN^1 
(the latter also known by U. S. Navy designation AYL and 
U. S. Army designation iRC*24) were very similar to the 
*AN/APN^1 (or AYF). Chly the last series of this line will 
be described; it differs from its predecessors mainly in be- 
ing provided with a 400 to 4000- foot altitude range in 
addition to the 0 to 400- foot range common to all models. 
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Fig. VI. -I. Block diagram of f-m radar altimeters 
of series. 

Fig. VI. -1 is a block diagram of the system. Starting 
at the middle of the left side of the diagram, sinusoidal 
modulating signal is developed by a vacuum-tube oscillator. 
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This signal drives the vibrating^capaci tor modulator of a 
push-pull triode transmitter like that shown in Figs. III. -7 
and III. -8 and described in section 3a of Chapter III. The 
transmitter, with a power output of one-tenth watt, is 
connected through a length of standard RGr8/U coaxial cable 
to the streamlined dipole antenna shown in Fig. III.-l. 
Another similar antenna is connected through a similar 
cable to a balanced detector like that shown in Figs. 
III. -22 and III. -23, which operates as described in section 
5a of Chapter III. Local mixing signal is fed directly 
from the transmitter to the balanced detector over a link 
circuit within the equipment. 

Detector beat-note output is amplified by a three- stage 
resistance- capacitance coupled amplifier which is unusual 
only in the feed-back network applied from plate to grid of 
its first stage. As a result of this feed back, the ampli- 
fier gain rises at 6 decibels per octave from 600 to 5000 
cycles per second, as shown in Fig. III. -28, to reach a 
maximum at 10000 cycles jer second. Gain falls off sharply 
at still hi^er frequencies, as well as at very low fre- 
quencies. In the most recent units, gain at the higher 
beat frequencies is automatically reduced at low altitudes 
to reduce interfering noise. The circuits of this entire 
radio-set portion of the system are omitted here, since 
they differ only in minor ways from those shown in Fig. VI. -7 
for the corresponding parts of the AN/APG-U. 

Fig, VI. -2 is a functional circuit diagram of the 
remainder of the equipment shown in the block diagram. 
Output from the audio amplifier drives a single pentode 
limiter with the bias-stable input circuit of Fig. IV. -8a. 
Two separate counters are fed in parallel by the limiter. 
One of these, a positive-output counter, is partially 
linearized by a cathode follower connected as in Fig. IV. -5, 
which serves also as a current amplifier to drive the 
rugged milliammeter that gives a direct quantitative 
indication of altitude. The discharge-path return lead 
of this indicator counter is tipped far down on the output 
resistor of the cathode follower, so that non-linearity 
of the relation between input frequency and output voltage 
is not eliminated but only reduced to the desired degree. 
With the meter indicator one radar system is complete. 
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TTie other counter is part of an essentially separate 
system, which uses the same modulation, transmitter, re* 
ceiver and limiter in common with the indicator system. 
This counter is a negati ve*output one of the null type 
shown in Fig. IV. *6. It operates relays through an ampli- 
fier, as described in section 5b of Chapter IV. , when^ 
altitude departs by more than a definite limiting amount 
from a preset value. The preset altitude is determined by 
manual adjustment of an al ti tude* limit switch, which 
selects a tapping point on a voltage divider and so sets 
the null-output point for which the counter is balanced. 
The relays may actuate limit-indicator lanps or may operate 
a servo mechanism which flies the aiiplane at the selected 
altitude. Provision for control of flight was npt made in 
the early AYR equipment. Alternatively, the manual limit 
switch may be omitted and the limit relays may be given 
full control of the counter- balancing voltage divider 
through a small servo, as in Fig. IV. -20; this provides an 
output shaft capable of adjusting other equipment in 
accordance with altitude* With limit switch and limit 
lights, or a servo -adjusted limit control, the second 
system of the altimeter is complete. 

It may be seen from the block diagram that the complete 
dual system is almost entirely disposed within a single 
major equipment unit, designated *RT^7/APN^1. The appear- 
ance of this transmitter- receiver unit is shown in the 
front and top views of Fig. VI. -3. Dust and shield- 
conpartment covers are removed in the top view to expose 
the interior arrangement. At the left may be seen the 
radio transmitter within its shield compartment; the 
circular ceramic face plate of the vibrating frequency 
modulator is visible at the center of the floor of this 
compartment. The balanced detector is in the next shield 
compartment, while the small shock-mounted sub-chassis at 
the center rear carries the three-stage audio amplifier. 
At the rif^t mad are the dynamotor, filter capacitor and 
regulator tube of the high-voltage power 8i:q>ply, as well 
as the limiter tube and some calibrating rheostats. In 
the front center are the modulating oscillator and the 
counter diodes and current amplifiers of the altitude- 
indicator and limit- indicator circuits. The size of this 
14-tube unit is indicated by the ruler included in the 
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Fig, VI, -3. Main unit of radar 

altimeter. 

figure and its weight is 20% pounds, including the shock- 
mounting base so essential to airborne operation. Primary 
power required is 2.9 ± 0,3 amperes of direct current (de- 
pending upon exact condition of operation) at 27 volts 
(nominal), or twice that current at 13.5 volts. 

Fig^ VI. -4 shows the auxiliary units of the system. At 
the right is the milli ammeter indicator, designated 
which may be seen to carry the on-off power 
switch and the altitude- range- selecting switch for the 
entire system. Upon throwing the selector switch to the 
high-range position, the scale numerals 2, 3, and 4, which 
are visible through windows in the dial, are replaced by 
20, 30, and 40; the scale is read directly in hundreds 
of feet for either range. The non-linear scale marking 
is suited to the non-linear characteristic of the indicator 
counter and permits very close altitude readings to be 
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Fig, VI. -4. Auxiliary units of *AN/APN»1 
altimeter system. 

made when landing* 

At the left of the figure is the al titude-li mi t switch, 
diesignated *^SA- 1/ ARN- 1, which is the altitude- setting 
voltage divider of the limit-indicator system. This unit 
permits selection of any one of the 11 integral multiples of 
25 feet from 50 to 300 feet (or of 250 feet from 500 to 
3000 feet on the high range) as an altitude for level 
flight. Limit-indicator larrps for use in maintaining level 
flight are shown between the other two units. The total 
weight of these auxiliaries is 3 pounds. Weight of inter- 
connecting cables and plugs, always a serious item in 
airborne equipment, depends upon the particular conditions 
of each installation. 

Only the power, al ti tude- range- selecting and flight- 
altitude- selecting switches shown in Fig. VI. -4 are used as 
operating controls. Maintenance controls for transmitter 
tuning, detector tuning, and detector balance are provided 
within the transmi tter- receiver unit. Calibrating controls 
are provided, in duplicate for the two ranges, as twin 
controls under access covers on the front panel of that 
unit. The calibrating controls determine modulator input 
(hence, width of frequency band swept and altitude sensi- 
tivity of system), bias to which indicator- counter load is 
returned (hence indicator zero), and voltage applied to 
the terminals of the null-counter balancing divider of the 
altitude- limit system (hence, accuracy of selected level- 
(li^t altitudes). Sensitivity-calibrating controls for 
both counters are also provided, within the unit. Since 
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the main unit has no operating controls, it may be in- 
stalled out of the way in any reasonably accessible portion 
of the aircraft that does not require excessive length of 
connecting cables. 


b. Uses and Operating Characteristics. These alti- 
meters were developed as aids to landing on water in the 
dark or under poor visibility, and to low-level tactical 
flying over water. Automatic flight control from the alti- 
meter was developed for use in pilotless naval aircraft. 
Provision for servo-shaft output makes possible automatic 
correction of fire-control devices for altitude. An im- 
portant tactical use not anticipated during development 
was found in maintaining accurate^^tejmaij) clearance while 
dropping parachute troops. Another use found for radar 
altimeters in general is in pressure-pattern flying over 
water. This fuel-saving procedure involves maintaining 
constant actual altitude by radar, while steering through 
the weather pattern to maintain constant barometric pres- 
sure. 


A well maintained f-'m altimeter in normal operation over 
water manifests as its obvious operating characteristic 
merely the direct, continuous indication of absolute alti- 
tude. A degree of indicator damping found to give an 
acceptable compromise between sluggish indications and 
unsteady indications is used. Absolute accuracy at landing 
is extremely high* while errors of a few per cent may be 
e3(pected at other altitudes. The obvious characteristic 
of limit-light operation is the altitude range over which 
the ''on altitude" signal is given. This nonnally averages 
± 5 feet from the preset altitude for the low range, or ± 50 
feet for the high range, though use of a less sensitive 
relay tube will double these "dead" regions if desired. 

Over very smooth water on a very calm day, indLcaticms 
may occasionally be seen to vary in six-foot jun|>s (60 feet 
on high range) as a result of fixed error. Over very poorly 
conducting land, indicated altitude will sometimes be low 
on the high range because of inadequate radio reflection from 
the ground. It is nonnally possible to climb to at least 
8000 feet over water before the signal drops to the point 
of being unable to main tain a 4000- foot or full-scale indi- 
cation (this loss of signal or "drop out" is largely due to 
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the falling gain of the audio- frequency amplifier at exces- 
sively high range-beat frequencies). 

Internal characteristics not evident from overall opera- 
tion are fully as important as externally evident ones. 
Unmodulated radio frequency is 445 megacycles per second 
and modulation frequency 120 cycles per second. Low-range 
sweep width is nominally 39 megacycles per second and is 
limited by the capabilities of the vibrating modulator and 
by undesired amplitude modulation of the radio- frequency 
oscillator. The resulting radar range sensitivity 
[equation (II. 22a)] is 19 cycles per second per foot. 
Average sensitivity of the non-linear indicator counter 
is ^4co volt per cycle per second. Range changing is 
accomplished by a relay that switches sweep width to one- 
tenth the above value for the high range, at the same time 
making slight bias changes to preserve accurate indicator- 
zero and altitude- limit settings; electrical damping of 
aircraft motion in automatic flight is also altered on 
changing range. 

Amplitude and frequency of the modulating signal deter- 
mine the scale factor of the system and must therefore be 
maintained accurate on an absolute basis. To accomplish 
this, the plate-supply voltage of the triode- connected 
modulating oscillator is maintained constant by a gas- 
discharge regulator, while modulation frequency is con- 
trolled by a factory- sealed resonant circuit. Indicator- 
counter sensitivity is proportional to voltage swing of 
the limiter, so limiter plate and screen are also fed from 
the regulated supply bus. The null- type limit counter is 
insensitive to supply- voltage variations so long as the 
balancing voltage divider is fed from the same supply as 
the limiter; the altitude- limit switch is therefore also 
fed from the regulated supply. Methods of calibration 
will be described in Chapter VII.; they are used to render 
correct the indications stabilized by use of regulated 
supply voltage. 

Imperfections of operation which may sometimes be 
encountered are usually caused by some type of interfering 
noise. Microphonic disturbances, particularly in the 
balanced detector and audio amplifier, were only with diffi- 
culty reduced to a harmless level; this is the normal state 
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of affairs in high-gain electronic equipment used under the 
conditions of extreme vibration customary in military air- 
craft. Good maintenance to prevent occurrence of faults 
in tubes, connections, or shock mountings is necessary to 
insure that the microphonic level will remain low. Radio- 
frequency cables and connectors are particularly prone to 
produce microphonic noise, as are loose elements of the 
external aircraft structure in the field of the antennas. 
Especially for high-range operation, great care in locating 
and making the antenna installaticms is necessary to avoid 
field modulation or other noise as well as to minimize 
direct feed through of signal. 

High-frequency noise, emphasized by the response char- 
acteristic of the audio amplifier, is most Likely to be 
troublesome at the low- altitude end of the high range, 
^ere the desired- signal frequency is rather low and signal 
strength is also moderately low. The final modification 
of the *AN/APN^1 series incorporates altitude-operated 
automatic gain control, of a type which reduces high- 
frequency response at low altitudes without markedly 
affecting low-frequency response. Another type of noise 
which must be kept low by good maintenance results from 
detector unbalance. Detector balance is perfect at not 
more than two or three frequaicies in the band swept during 
modulation, and balance difference across this band gives 
rise to spurious output at the modulation frequency and 
its harmonics. Normally good balance results in reduction 
of sensitivity to anplitude modulation, even at the worst- 
balanced frequency in the band swept, by a factor of at 
least five relative to a single detector. 

Extremely low beat frequencies are never encountered in 
operation, even when landing, because of the residual 
altitude contributed by the radio- frequency transmission 
lines between transmitter- receiver unit and antennas. The 
equipmait is adaptable to widely varying antenna installa- 
tions, with total residual altitudes varying from 13 to 58 
feet, and must be calibrated to match the installation with 
which it is to be used. Coupling to the transmitting 
antenna must be quite loose if disturbance of modulation- 
sweep calibration by antenna mismatch is to be avoided. 

Beside the altitude equivalent dtiich is resident in the 
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r-f lines, there is that due to the remaining air path from 
transmitting antenna to ground to receiving antenna when 
the aircraft is in flying position with its wheels touching 
the ground. Because of the lateral separation between 
antennas and resultant obliquity of air paths to and from 
the ground- reflection point, this air-path residual altitude 
exceeds the actual average altitude of the antennas at 
landing. On the other hand, at high altitude the trans- 
mission paths are practically vertical and the air-path 
residual is the actual average of the height of the two 
antennas above the wheels. Variation of residual altitude 
with true altitude has been called “mushing error”; its 
effect may be minimized by a trick of calibration. 

A number of military uses for radar altimeters became 
evident at about the time that technical development had 
reduced bulk and weight of f-m equipment to a point per- 
mitting its use even in fighter aircraft. Introduction of 
the balanced detector and of internal mixing- signal coup- 
ling from transmitter to receiver gave at the same time 
a great improvement in performance. This improved per- 
formance, together with reduced bulk and weight and the 
emergence of military needs, accounts for the very wide 
use of the *AN/ APN^ 1 and its immediate predecessors as 
contrasted to purely experimental use of other radar alti- 
meters developed earlier. The f-m altimeter is one of 
the few war- tested radar devices that is likely to find 
immediate and continuing use in peace-time aviation. 

c. Automatic Flight Control, Automatic flight under 
Altimeter Control of Elevators {ACE) using the *AN/APN~1 
is accomplished by three servo mechanisms operating in 
cascade. This is such a complex dynamical system that no 
attempt at a complete analysis will be made here. It is 
also an excellent example of the ease with which f-m radar 
can be integrated with other control equipment, so merits 
full description. Some geometric terms to be used in this 
description will first be defined and their relations to 
other factors indicated. 

Angular position or orientation of an aircraft is called 
its attitude and can be fully specified by three angles. 
Rotation of the aircraft about a transverse axis through 
its center of gravity (parallel to the wing span) is called 
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pitch; measured from the angular position the aircraft 
maintains when in level flight, this rotation is the pitch 
attitude of the craft. Hiis is the angle of immediate 
interest. Neglecting the small operating variations of 
angle of attack of the aircraft to the air stream, the 
flight path of the aircraft tilts just as the craft pitches. 
Rotation about the longitudinal axis of flight is called 
roll, or bank when measured from the normal wings-level 
attitude, and is not of present concern. Rotation about 
a vertical axis of the vertical plane in which the longi- 
tudinal axis of the aircraft lies is called yaw; measured 
from the vertical geogrc^hic-meridian plane, this rotation 
angle is the heading of the aircraft. Heading and yaw 
will be of importance in the later discussion of the 
operation of the AN/APG-6 equipment. 

Rotation of the aircraft in pitch is controlled aero- 
dynamically by moving its elevator airfoils and rotation 
in yaw primarily by moving the rudder airfoils; roll is 
controlled primarily by ailerons. Effects of elevators and 
rudder are interchanged for large angles of bank, but that 
is of no concern in normal automatic flight. Angular set- 
ting of each control airfoil is a measure of time rate of 
rotation of the aircraft about the corresponding axis. 
Pitch attitude, corresponding to the direction of flight 
in the vertical plane, is a measure of rate of change with 
time of aircraft altitude. These rate relations are im- 
portant in the behavior of servo mechanisms, because 
introduction of a control action proportional to rate of 
change can produce the effect of viscous damping of the 
mechanism without increasing inertia. Hi ^er- order deriv- 
ative controls are also used sometimes to improve operation 
of servo mechanisms, but need not be considered here. 

Fig. VI, -5 is a block diagram of the conplete ACE system 
for automatic flight at constant terrain clearance. Ele* 
ments which produce as output the algebraic sum of two 
input data are indicated as differentials. Elements which 
produce a sensed control -actuating output by conparing 
two input data and deteimining their difference are indi- 
cated as control comparators. Solid lines represent 
electrical and dashed lines mechanical interconnections. 
Departure of the aircraft from a preset altitude is made. 
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Fig. VI.-5. Block diagram of automatic 
control of flight altitude by 
radar altimeter. 

by action of the altimeter and an associated attitude- 
control servo, to adjust proportionally the pitch attitude 
in which the automatic pilot is ordered to fly the aircraft. 
Departure of the aircraft from the pitch attitude in which 
the automatic pilot is set to fly it is made; by action of 
the pitch-control channel of the pilot, to adjust pro- 
portionally the position of the elevator surfaces. De- 
parture of the elevators from their neutral position is 
made by the aerodynamic action of the elevators to start 
the airframe rotating in pitch, while departure of the 
airframe from the zero-pitch attitude of horizontal flight 
is made by the aerodynamic action of the wings to start 
the aircraft moving vertically. It should be noted that 
the aerodynamic actions of the third servo mechanism (the 
aircraft itself) establish rates of motion only, while the 
control actions of the other tvo servos establish total 
motions directly. 

Ihe block diagram shows five different feed-back paths, 
including the overall composite- servo loop. Two of these 
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paths serve a dual purpose. Additional feed-back paths 
representing aerodynamic stability and damping of the air- 
craft, as well as possible damping of elevator-control 
motion, are omitted. This multiplicity of feed-back loops 
indicates the inherent complexity of the complete system. 
Only the fact that some elements of the system are funda- 
mentally much slower in their action than others makes 
overall behavior amenable to simple description. 

Action of the altimeter and its associated attitude- 
control unit is inherently rapid. Action of modem auto- 
matic pilots in adjusting position of elevators is also 
inherently rapid. Operation of these subsidiary servo 
loops is therefore relatively little affected by their 
incorporation in the larger system and may be considered 
simply and separately. Tlie rate- con trolled motions of the 
aircraft in pitch and ascent or descent are inherently 
slower and may be considered as under instantaneous control 
by the other elements. 

Altimeter and attitude- control unit act in the following 
way. The limit-counter circuit of the altimeter inpresses 
the voltage drop in the counter load due to counter -output 
current, and an altitude-reference voltage set by the 
manual altitude- limit switch, differentially on a control 
comparator consisting of the limit-relay amplifier and 
relays of the altimeter. The limit relays, through other 
relays in the attitude -control unit, operate a motor which 
turns an attitude- control shaft bearing a follow-up poten- 
tiometer. The follow-up potentiometer is connected as a 
differential on the al titude-1 imit switch, so that voltage 
variations due to shaft motion add to the manually set 
reference voltage fed into the comparator. The motor 
shaft therefore seeks and holds an equilibrium position 
proportional to the departure of the aircraft from the 
preset reference altitude. A resistance-capacitance 
circuit fed by the follow-up voltage acts both as a differ- 
entiator to produce a voltage proportional to rate of shaft 
rotation and as an electrical differential to add this 
voltage to the reference and follow-up voltages cpplied to 
the comparator. Rate- voltage feed back to the comparator 
provides viscous- type damping of the servo action. Air- 
craft attitude does not affect this part of the system at 
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all, and altitude can not change appreciably while the 
attitude- control servo is reaching equilibrium. 

There have been and are many varieties of automatic 
pilot, and no single description can cover accurately the 
operation of all of them. Whether powered pneumatically, 
hydraulically or electrically, and interconnected for 
control by cables, hydraulics or electrical circuits, they 
are basically similar in principles of operation, however. 
Automatic pilots have three control channels, corresponding 
to the three aircraft attitude angles; only the pitch- 
control channel is of present interest. Actual pitch 
attitude of the aircraft is conpared by the auto pilot with 
an attitude reference provided by a vertical- axis gyroscope 
maintained erect by average gravity, and departure from 
reference pitch causes a motor to move the elevator sur- 
faces of the aircraft. 

Elevator motion is monitored by a follow-up element and 
added in suitable proportion by a differential to actual 
pitch attitude before comparison with reference attitude. 
Elevator position therefore seeks an equilibrium prop- 
portional to pitch error. Effective reference pitch can be 
altered by adding an external control angle, in the present 
case the position of the attitude -control shaft, through 
another differential (usually in the actual-pitch channel). 
If necessary, elevator motion may be damped by derivative 
feed back (not shown). In modern auto pilots, mechanical 
foliow-up data is likely to be fed back by electrical 
synchro, external control to be fed in by differential 
synchro, and actual pitch to be both fed in and added to 
follow up and control by a synchro transformer with stator 
attached to the airframe and rotor to the gyro. This 
transformer will also be the input element of an elec- 
tronic control comparator actuating an electric elevator- 
driving motor. 

Hie auto-pilot action is rapid, so may be considered as 
adjusting the elevators continuously in proportion to the 
actual airframe- attitude error, with respect to a reference 
established jointly by gyro vertical and the pitch -control 
signal fed in from the altimeter servo. The latter signal 
is proportional in turn to altitude error of the aircraft. 
This rapid action may be regarded as independent of 
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aircraft motion. As the rate of change of pitch induced 
by the elevators alters the actual pitch attitude of the 
airframe toward the al titude- error- con trolled reference 
attitude, the auto pilot will reduce proportionately the* 
ai rframe- con trolling displacement of the elevators. The 
elevator follow up thus serves a second purpose, providing 
rate-of-change-of-pitch feed back to the comparator and 
thereby effecting viscous damping of the motion of the 
aircraft in pitch. The aircraft is made to fly smoothly 
in the pitch attitude dictated by the altimeter, which is 
proportional to altitude error. 

As the vertical motion caused by controlled departure of 
the airframe from level-flight attitude changes actual 
aircraft altitude toward the chosen reference altitude, the 
altimeter attitude- control servo reduces its demand for 
pitch departure, by virtue of its attitude follow up, and 
the auto pilot in turn demands reversed elevator action. 
Tbe aircraft therefore approaches horizontal- flight attitude 
as it nears reference altitude. The attitude-control 
follow up of the altimeter servo thus also serves a second 
purpose, providing rate-of-change-of- altitude feed back and 
thereby viscous damping of the motion of the aircraft in 
al titude. 

Ihe aircraft can not follow in altitude, and probably 
not even in attitude, all details of the fast operation of 
the altimeter attitude- control servo. However, the dead 
space of the altimeter limit- circuit relays often results 
in altitude changes near reference altitude being made as 
a series of small steps. If the altimeter servo is allowed 
to oscillate by omitting or reducing its own derivative- 
damping circuit, or better by externally forcing a fast 
small -amplitude oscillation, aircraft motion will not be 
directly affected but the servo dead space will be elimin- 
inated and very smooth flight control assured. To avoid 
momentarily dangerous flight conditions upon calling for a 
sudden large change in reference altitude, the range of 
attitudes that the altimeter servo can demand must be 
definitely limited to a safe value. 

Some older auto pilots utilize the elevator surfaces of 
the aircraft not only to control rate of change of pitch 
attitude but also to supply steady aerodynamic lift to 
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condensate changes of flight trim resulting from variation 
of total load or load distribution in the aircraft. Ele- 
vator position, aircraft attitude and attitude-control 
input are added together in control of the auto pilot; 
flight in the normal attitude necessary for a horizontal 
path, but with elevators offset to maintain trim, therefore 
requires that the attitude control be correspondingly 
offset from its neutral position. To accomplish this con- 
trol offset by way of the altimeter, the aircraft actually 
flies at an altitude slightly different from the reference 
value for which the system is set. This error is no fault 
of the altimeter control but represents a shortcoming of 
particular auto pilots; when it is present and objection- 
able, special auxiliary means must be used to remove it. 

If conditions of relative response rate in various 
portions of the system are not the sinple ones here assumed, 
complicated interactions can take place. These may produce 
peculiar and hard- to- remedy types of overall instability, 
but may be avoided by taking care that the assumed condi- 
tions do exist. Action of auto pilot and aircraft is 
rather involved in detail, but sufficient development has 
been done by designers of auto pilots and aircraft so that 
over- all operation is now very satisfactory; the internal 

difficulties need not bother the user. 

# 

It should be noted finally that adaptation of the f-m 
radar altimeter to control of level-flight altitude is in 
itself very simple^ given a smoothly operating system of 
automatic pilot and aircraft. Addition of the limit cir- 
cuit to a meter- indicating altimeter required only two 
tubes, two relays, a reference- altitude switch and a few 
resistors and capacitors. Provision of attitude-control 
input for an auto pilot from the limit circuit further 
requires only a small motor with reduction gearing (and 
optionally two more relays), and a potentiometer, as shown 
in Fig. VI. -2. Of course, the characteristics of the 
attitude-control servo must be made conpatible with those 
of the particular auto pilot with which it is to be used. 
Operation of a well integrated ACE system is very smooth, 
rapid and accurate. It will, for example, cause the 
aircraft to follow terrain-level fluctuations accurately, 
within the attitude limitations inqposed for safety. 
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3. Low Altitude automatic Bombing 
Equipment an/apg-^ 

a. Purpose and Description. Light-weight, fully 
automatic equipment was required for accurate bombing from 
low-flying pilotless aircraft, or from small manned air- 
craft attacking surfaced submarines or other vessels at 
night and in low visibility. In view of the good results 
obtained in automatic flight control with the f-m radar 
altimeter, development of an f-m radar system for automatic 
low-altitude bombing, designated AN/APG-lt and often re- 
ferred to as the Sniffer, was undertaken to meet the above 
requirement. The usual rule that antenna design has a 
strong influence on radar system development applies to the 
Sniffer, which was first developed at a frequency permitting 
the direct use of the Yagi antenna array designed for the 
ASB series of pulse search radars. A scaled version of the 
same antenna, shown in Fig. III. -3, was used in the final 
410-megacycle production equipment. 



\ \ 


Fig. VI. -6. Block diagram of radar equipment AN/APG^4 
for automatic low-altitude bombing. 

Hie equipment is organized in accordance with the block 
diagram of Fig. VI .-6. Modulating voltage from a square- 
wave source is adjusted in accordance with flight altitude 
to give the proper width of frequency sweep, and is then 
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fed to a wave- shaping circuit of the sort described in 
section 4c of Chapter III. The shaped voltage excites a 
modulating anplifier which drives the vibrating-capaci tor 
modulator, which in turn swings the frequency of the one- 
fifth-watt push-pull transmitting oscillator described 
in section 3a of Chapter III. The transmitter feeds the 
Yagi antenna array of Fig. III. -3 through a flexible coaxial 
transmission line, and in addition supplies mixing signal 
directly to the balanced-detector receiver described in 
section Sa of Chapter III. Received signal is fed to the 
balanced detector through a similar line from another 
Yagi array. Beat-note output from the detector is amplified 
by a three- stage, high- gain audio amplifier, made selective 
by feed back in the first stage and by shunt capacitors in 
later stages. Automatic gain control of the feed-back 
stage, working from the rectified amplifier output, operates 
with strong signals to reduce gain above the peak- response 
frequency and to move the peak to lower frequency, as in 
Fig. III. -28, without markedly affecting low-frequency gain. 

A complete circuit diagram of the AN/APG-^ equipment, 
arranged according to function, is given in Fig. VI. -7. 
Differences between AN/APG-/f and *AN/ APh- 1 in the portions 
of the circuit described above are not great. In the 
altimeter, the output transformer of the modulating stage 
is resonated to the desired modulation frequency and 
provided with a feed-back winding, so that the modulating 
tube of Fig. VI, -2 functions as a self oscillator and 
does not require the external drive shown in Fig. VI. -7. 
A high resistance in the cathode circuit of the transmitter 
oscillator, in the Sniffer only, develops sufficient bias 
to prevent oscillation and permit observance of radio 
silence. When transmission is required, this resistor 
is shorted by an external switch and oscillation occurs. 
The mixing-signal coupling loop in the detector of the 
altimeter does not have the highly symmetrical form shown 
in the Sniffer circuit. The audio amplifier of earlier 
altimeters did not have the high- ratio input transformer, 
grid and plate shunt capacitors, automatic gain control, 
or overall voltage gain of 500,000 required in the AN/APG-4t 
and its first- stage circuit constants were chos^ to produce 
a somewhat broader, flatter gain- frequency characteristic. 
In the most recent altimeters, transformer input to the 
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Fig, VI. -7. Functional circuit diagram of f-m radar 
audio amplifier is used and frequency- depen dent automatic 
gain control is applied on the hi gh- al ti tude range only; 
gain control is however based on altitude rather than on 
signal level and is obtained from the cathode voltage of 
the altitude- indicator amplifier. 

A noise- reducing double limiter of the sort described 
in 'section 2f of Chapter IV. is driven by the output of 
the audio anplifier of the AN/ APG^U, Square- wave signal 
output from the second limiter actuates both a positive- 
output counter, active only during the frequency upsweep 
of the modulation cycle, and a negative -output counter of 
less sensitivity, active only during the domnsweep. These 
counters have a common load and are linearized by a oomncn 
cathode follower, as shown in Fig. IV. -12 and described 
in section 3b of Chapter IV, They provide a net d-c output 
having a positive component proportional to range and a 
negative component proportional to speed. This output, at 
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UNIT RT-tT/APC 4 



equipment AN/APG»4 for automatic low-altitude bomblng» 

the low impedance of the follower cathode, actuates a 
relay amplifier connected as in Fig. IV. -19 and supplied 
with grid voltage which is adjusted in accordance with 
flight altitude. Operation of the relay causes release 
of a bomb at the correct range for the speed and altitude 
used. Bomb release is accomplished through the normal 
equipment of the aircraft. 

Instead of using the transformer of Fig. IV. -12, the 
downsweep counter is synchronously switched into and out 
of operation by direct capacitive coi:q)ling to the square- 
wave modulation source, while the upsweep counter is 
switched in opposite phase by a phase-inverting amplifier. 
In the absence of adequate signal, an anti- false- release 
tube short circuits the counter- switching voltage, and so 
disab^les the negative counter and positively prevents 
the cathode- follower output from falling to the release 
point. Negative a-g-c voltage in the presence of a good 
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signal cuts off the anti- false- release tube and permits 
normal operation of the switched counters. 

Adjustment for attack altitude is made in a small, 
separate altitude- compensation unit arranged to permit 
manual selection of any chosen one of six fixed altitudes 
between 50 and 300 feet. This selects the proper tap on 
the voltage divider controlling the amplitude of the 
square-wave modulating signal III--12), as 

well as selecting the bias applied to the relay amplifier. 
Bias setting is controlled by two switch- type rheostats 
ganged with the modulation divider, one to compensate for 
speed intercept of the bombing €^proximation used and for 
residual range of a standard r-f cable installation (see 
section 3b of Chapter V.), and the other to control the 
voltage across a "range lead" potentiometer. TTiis potenti- 
ometer, also located in the altitude-compensation unit, 
is used to set the distance by which it is desired that 
the bomb should fall short of the target. 

The one-pound altitude-compensation switch 6A-9A/APG-4, 
built in a standard A-N aircraft instrument housing, is 
shown in Fig. VI. -8. Connection is made by cable and plug 
to a single receptacle at the rear of the unit. The on-off 



Fig. VI. -e. Altitude- compensation switch 
of low-oltitude bombing system. 

power switch for the radar system is included in this 
unit and actuated by the same knob as the altitude- selector 
switch. 
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Except for the two antennas and the altitude-compensa* 
tion switch, the complete AN/APG^i system is contained in 
a single main unit (RT~27lAPG^i) , very similar mechanically 
to and of the same size as the main unit of the *i4/V/i4fiV-i 
altimeter. Fig. VI. -9 shows a complete low- altitude radar 
bombing system, for operation at manually selected fixed 
al ti tudes. 



ANTENNA ASSCMtLY 
AS-46/A^a 4 



Fig. VI, -9. AN/APG^4 radar systen for outonatic 
low altitude bombing. 



Hanging accuracy depends upon amplitude of modulating 
signal; the square-wave modulation generator and the modu- 
lation amplifier are therefore supplied with power at a 
regulated voltage. Ihe counter system is self-conpensating 
for variation of supply voltage; limiter plate, counter- 
load return voltage, and relay- tube bias can therefore be 
supplied from a common source of unregulated voltage. Ihe 
square wave for driving the modulator and switching the 
counters is derived from the regulated direct voltage 
si^>ply by a fast-acting mechanical switch, which is mounted 
on the dynamotor frame and actuated by an ecceitric cam on 
the dynamotor shaft. Very careful damping of this switch 
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is necessary, and by proper choice of cam material, cam 
wear is made to compensate contact wear and maintain ac- 
curate switch timing over a considerable c^era ting life. 

The power switch, altitude selector and range-lead 
control are the only operating controls for the system; 
they are all located on the al titude- compensation unit. 
There are no operating controls on the main transmitter- 
receiver unit, but within this unit are maintenance con- 
trols for adjusting modulation- sweep linearity, transmitter 
tuning, detector tuning and detector balance. Accessible 
through holes in the front panel are screw-driver adjust- 
ments for calibrating sweep width, altitude conpensation, 
and release bias, as well as for setting the si^^al thresh- 
old for a-g-c and anti- false-rel ease operation. Front- 
panel receptacles are provided for connection to the 
transmitter- receiver unit of cables frcm the primary power 
source, transmitting and receiving antennas, altitude- 
compensation switch, and bomb-control circuits of the 
ai rcraf t. 

6. Operating Characteristics. Since the AN/APG*U 
was developed for use in pilotless aircraft or in small 
craft where operation by the pilot himself may be necessary, 
the operating procedure has to be very simple. Upon 
establishing contact with a target, or i f possible a few 
minutes earlier, the equipment is turned on and allowed to 
warm up while maintaining radio silence. The altitude- 
compensation switch is set for that level between 50 and 
300 feet at which it is desired to attack, and approach to 
the target is begun. When within about three- fourths 
mile of the target, the aircraft is leveled off at the 
preset altitude with the aid of the radar altimeter and 
is so headed, on the basis of any available aiming data, 
that it will pass directly over the target. No aiming 
information is provided by the AN/APG-^. Transmission 
is then initiated by closing a radio- silence switch, and 
the bomb- release system of the aircraft is armed. 

At the proper point, the bomb is released automatically; 
the system is then inactivated manually and withdrawal 
or preparation for a new approach is begun. The pilot 
in order to attack has only to choose his altitude, activate 
the system and fly straight and level at the chosen altitude 
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and in the correct direction; the rest is automatic. Of 
course, if a bomb impact short of the target is desired, 
for example to straddle the target with a train of bombs, 
the proper "range lead" may be set in on the compensation- 
switch unit. 

With a well maintained system, the characteristics 
observed in normal operation are rather those of the target 
and its surroundings than those of the radar system, and 
are correspondingly complex. The great value of oscillo- 
scopic observation of beat-note signal during tests that 
involve actual airborne approach to a target, as a means 
of assessing operating characteristics, should be noted. 
Sufficient test drops of bombs have been made to show 
clearly that altitude and speed compensation both occur 
as intended and that no significant systematic errors are 
present in a carefully calibrated system. In the case 
of a large, complex target such as a ship, it is evident 
that the "radar center of gravity" of the target will 
shift about as the relative contributions of the highly 
directive reflections from various parts of the target 
structure vary in magnitude and phase. Photographically 
simulated bomb drops on ships confirm this instability 
of radar aiming point under broad-beam irradiation from 
the AN/APGrU. Although the equipment was designed for 
operation only at altitudes up to 300 feet, very limited 
tests^ have shown fair operation up to 800 feet. 

Fading signals, caused by high directivity of extended 
or complex targets, can interfere with accuracy of release. 
If the noise during a fade is of high frequency, as in 
the case of distant sea- re turn signal or of modulation, due 
to loose parts of the aircraft, of the local field which 
couples the two antennas, release may be delayed. If 
the noise during the fade is of low frequency, as in the 
case of altitude signal or detector unbalance, premature 
release may occur. Use of the integrating double limiter 
does much to prevent delayed release, though increasing 
the chance of premature release^ The anti -false- release 
circuit usually prevents premature release. The anti- 
false-release threshold is adjusted in flight, at normal 
attack altitude but without a target, unl^il false release 
is just avoided in the Inost violent maneuvers used in 
the latter part of an approach. The threshold setting. 
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and consequently the size of the smallest reliable target, 
will depend upon the condition of the sea surface when 
the threshold is set. 

An absolutely essential requirement for acceptable 
operation is that noise throughout the system must be 
held to a practical minimum. Rough sea makes reliable 
operation on very small targets impossible, since the 
equipment is not capable of determining whether signal 
for a given range is coming from the target or from the 
sea surrounding the target. Noise extraneous to the system 
may come from such sources as sea return, field modulation, 
mechanical vibration, and electrical interference from 
other equipment. In the absence of all extraneous noise, 
properly operating equipment will tolerate a power loss of 
75 decibels from the transmit ter- output receptacle to the 
receiver-input receptacle of the RT-27/ APGr^ unit, and 
still provide accurate automatic release. This includes 
losses in transmitting and receiving r-f antenna lines, 
as well as the losses in radio transmission and target 
reflection discussed in section 5 of Chapter II. An absol- 
ute minimum echoing area of usable target is determined 
by this maximum tolerable loss; practically, however, 
some extraneous noise is always present to lower the toler- 
able signal loss and increase the size of the minimum 
accurately usable target. Reduction of microphonic and 
other excess noise is of utmost importance in the use of 
this equipment. 

The primary internal characteristic of the equipment 
is its ability, developed as described in Chapters II. 
and IV., to actuate a relay when range and speed of the 
aircraft relative to an isolated surface target are so 
related that 

and fcg are sensitivities of the radar in converting 
range and speed respectively to beat-note component 
frequencies, while and are counter sensitivities 
converting range and speed frequencies respectively to 
component direct output voltages. is voltage at 

the cathode- follower grid in the absence of beat- note 
sigial, deteimined by bias voltage applied to the counter 
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load, while is follower-grid voltage at which the relay 
operates, determined by bias applied to the relay tube. 

is controlled by product of sweep width and modulation 
frequency, and feg is controlled by radio carrier frequency. 

and /y are determined by effective counter- input voltage 
swing counter- capacitance values, and counter- load 
resistance. Relation (VI. 1) between range and speed for 
release- relay operation is graphically a straight line, 
with slope intercept (e^- I on the 

speed axis. 

Bombs will strike approximately at the target, as shown 
in section 3 of Chapter V., if released in level flight 
when range and speed are so related that 

= Vx' -5,. (VI. 2) 

Graphically, this is also a strai jAt-line relation, with 
slope T' and intercept S ^ I'/T on the speed axis. 

T and 5 are completely determined by flight altitude, 
operating- speed range of the equipment, and time delay 
in operation, according to equations (V. 23), (V. 24), and 
(V. 28). R^ is a fixed residual range corresponding to 
time delay in propagation through the radio- frequency 
lines to the antennas, and R^ an adjustable distance or 
''range lead" by which bombs may be made to fall short 
of the target if desired. 

Comparison of (VI, 1) and (VI. 2) shows that the AN/APGfU 
will bomb accurately if its sensitivity ratio is made to 
equal the slope time of the bombing approximation, and 
its output- voltage change due to radar signal is made 
to correspond to the bombing- e|>proximati on ^eed intercept, 
for the actual altitude of operation. The required corre- 
spondence is achieved in this equipment by adjusting 
according to altitude the frequency- sweep width in modu- 
lation and the bias applied to the relay tube. Radar 
speed sensitivity is fixed by the radio- frequency channel 
used, and values for and are chosen to give 

convenient beat-note circuit constants. Numerical values 
encountered in actual design and operation of the AN/APG-^ 
may serve to lend concreteness to this discussion and that 
of earlier chapters; such values are given in Tables 
VI. -1 and VI, -2. 
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TABLE VI. -1 

Design Characteristics of AN/APG^4 Equipment 


General 

Power Supply: 

Power Consumption: 

Number of Tubes: 

Weight complete with 
Antennas and Shock 
Mount (but less Cables): 

Radar Portion of RT^27/APG^4 

Radio Carrier Frequency: 

Radar Speed Sensitivity k^: 

Modulation Frequency: 

Usable Frequency Sweep: 

Usable Radar Range 
Sensitivity : 

K 

Permissible Attenuation 
in Transmission Path 
from Transmitter to 
Receiver (no external 
noise): 

Audio Amplifier 

Voltage Gain (peak): 

Audio Frequency Response: 


Al ti tude-Compensation Switch 
Flight Altitude: 

Closing Speed: 

Time-Lag Allowance: 


Residual -Range Allowance: 
Range Lead: 


27 volts (nominal) d-c 
65 watts (2.5 amperes) 
15 


37 pounds 
Uni t 

410 megacycles per second 

0.834 cycles per second per 
foot per second (1.41 cycles 
per second per knot) 

110 cycles per second 
1 to 5 megacycles per second 

0.45 to 2.25 cycles 
per second per foot 


At least 70 decibels 
500,000 

Rises 8 decibels per octave 
from 600 to 5000 cycles per 
second, falls rapidly below 
400 and above 5000 cycles 

SA-9A/APG^4 

50 to 300 feet, 
six fixed values 

100 to 350 knots (approx. 

170 to 600 feet per sec. ) 

0,40 second total (0.32 sec- 
ond in circuits, 0.027 sec- 
ond in relays, 0.053 second 
in release mechanism) 

50 feet (equivalent of aver- 
age r-f line length) 

Zero to 100 feet 


Computing Portion of RT^27 /APG^4 Unit 


Audio Input for Limiting: 

Effective Counter- 
Input Voltage Swing: 

Modulator Lag: 

Counter Range 
Sensitivity h^: 


Greater than 7/8 volts r-m-s. 
255 volts 

4^ per cent of full 
modulation cycle 

0.0405 volts per 
cycle per second 
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G>unter Speed Sensitivity /i«: 

O 

0.190 volts per cycle 
per second 

Overall Speed Sensitivity 

0.158 volts per foot 
per second 

Bias Applied to Counter Load: 

58 volts (approx.) 

Increment Caused 
by Extra Counts : 

9 volts 

No-Si^al Voltage 
at Follower Grid. 

67 volts (approx.) 

No-Signal Voltage 

at Follower Cathode** 

71 volts (approx.) 

Re lay -Amp lifter Grid Voltage 
for No-Signal Release : 

63 volts (approx.) 

TABLE VI. -2 


Typical Operating Conditions 

Approach Kinematics 

A1 ti tude : 

300 feet 

Time of Fall of Bomb; 

4.32 seconds 

Approximation Slope » T': 

4.55 seconds 

Slant Speed (mid-range): 

320 feet per second 
(187 knots) 

Approximation Intercept, S^i 

-26.7 feet per second 

Residual -Range Speed Intercept: 

-11.0 feet per second 

Range Error of Approximation: 

+10.7 feet 

Slant Range at Release; 

1628 feet 

Range Lead: 

Zero 

Con di tions in Equi pmen t 

Re lay -Amp lifter Grid Voltage: 

69 volts (approx.) 

Width of Frequency Sweep: 

1.92 megacycles 
per second 

Radar Range Sensitivity k^: 

0.860 cycles per 
second per foot 

Overall Range Sensitivity k^h^i 

0.0348 volts per foot 

Speed Frequency : 

267 cycles per second 

Range Frequency at Release: 

1400 cycles per second 

Range-Counter Output : 

+56.7 volts 

Speed -Counter Output : 

-50,7 volts 

Net Counter Output at Release : 

+6 volts 

Cathode -Follower Grid 

Voltage at Release, ; 

73 volts (approx.) 


One general characteristic of low* altitude bombing 
operation should be noted. Release always occurs when 
negative counter output due to speed largely cancels the 
positive output due to range. That is, the residual terms 



214 


FREQUENCY MODULATED RADAR 


Chap . VI . 


due to <S (and R, if used) are fairly small. Accurate 
sensitivity ratios are necessary for correct release, but 
the small bias- voltage difference and the load resistor 
across which counter output appears need be controlled to 
only moderate fractional accuracy. 

Maximum usable sweep width is determined by linear 
modulation capability of the modulator and transmitter, 
while a minimum value is set by errors resulting from 
stray frequency modulation, due for example to vibration. 
Extra counts are produced by counter switching and by fixed 
error in the differentiated amplifier- output signal (see 
sections 2g and 3c of Chapter IV.) Minor variations of 
modulating frequency are compensated by the modulation 
wave-shaping method used (see section 4c of Chapter III.). 
It may also be noted that the AN/APG^4 would have been 
more flexible for adaptation to other special uses if the 
entire bi as -con trolling resistor chain, and the entire 
sweep- control chain also, had been placed in the easily 
replaceable external altitude-conpensation unit rather than 
in the main transmitter- receiver unit. Higher transmitter 
power might also have been valuable, and indeed was used 
in the e3q>erimaital prototype units. 

Calibration to make up for reasonable tolerances on 
component-part characteristics is obtained by adjustment 
of the altitude- compel sating divider, as well as of modula- 
tion-amplifier gain and of bias applied to the counter load, 
using measuring methods described in Chester VII. Residual 
range used in calibration of the bombing equipment must 
allow not only for range equivalent of the r-f lines but 
in addition for any distance by which the bombs may be 
mounted ahead of the antennas on the aircraft. Calibration 
of the altimeter used to control level bombing flight must 
be based on height of bombs above ground rather than on 
that of wheels above ground. 

c. Accessory Units SA-28/APG, BE-17/APG and OIUIA/APG. 
The necessity of flying at a definite predetermined altitude 
when using the standard AN/APG^i system is not attractive. 
A small servo unit, mounted in an A-N aircraft-instrument 
case and designated as »S4-25/i4PG,* was therefore developed 
to oompensate the system automatically for any altitude be- 
tween 40 and 400 feet at which the bombing craft may happen 
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to fly. This accessory, used to replace the SA-9A/APG-/4 
switch, contains a simple servo motor of the type shown in 
Fig. IV. -20, controlled by the limit-circuit relays of the 
altimeter. Hie output shaft of the servo, which mounts a 
linear follow-up potentiometer (r^ of Fig. IV. -20), also 
drives three rheostats which control, respectively, the 
sweep width, speed-intercept and residual -range bias, and 
range-lead bias supply of the Sniffer. The two bias-control 
rheostats have non-linear resistance-rotation characteris- 
tics, while the required form of non-linear variation of 
sweep width with altitude is secured by using a linear 
rheostat shunted by a fixed resistor. The shunted rheostat 
is the of Fig. III. -12, with another suitably chosen 
fixed resistor; the switch Sw of the RT-27/APG-^ is located 
in the circuit as shown in full lines in that figure. 

The SA-28/APG altitude-compensation unit contains also 
the range-lead control and system power switch, as may 
be seen from Fig. VI. -10. The circuit of this unit is 
included in Fig. VI. -14. Altitude for which the Siiffer is 
compensated is continuously and automatically indicated 



Fig. VI. -10. Automatic altitude- 
compensation unit for low-altitude 
bombing. 

on the face of the unit. Two cables, one to the Sniffer 
transmitter- receiver unit RT-27/APG-^ and one to the 
automatic-pilot receptacle of the altimeter transmitter- 
receiver unit *RT-7/APN-l, are connected to receptacles 
at the rear of the compensation unit. Power for the motor 
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is derived from the altimeter, so that it operates even 
when the AN/APCr^ is turned off. With this accessory, the 
pilot need only fly level at any desired altitude between 
40 and 400 feet during the final stage of an attack, and 
need not seek a preset altitude; the bomb will still be 
released automatically at the range correct for his actual 
altitude and speed. 

Connection of the SA^28/ APG directly to the altimeter 
requires that the limit-relay contacts of the latter be 
rewired, and in such a way that three-light limit indica- 
tion is no longer possible. To avoid this, a relay unit 
designated RE^IJ/APG was developed as a further accessory. 
This unit is connected by one cable to the auto-pilot 
receptacle of a normal altimeter, and by another cable to 
the altimeter receptacle of the SA-28/APG altitude -compen- 
sation unit. It contains two relays connected directly 
across the "too high" and "too low" lights of the normal 
limit indicator; these relays operate to drive the servo 
and its follow-up potentiometer in the directions respec- 
tively of lower and higher altitude. The RE*17/APG unit 
also contains a third relay, which transfers control of 
the altitude- limit counter from the SA^28/APG to the normal 
SA^1/ARN*1 limit- setting switch of the altimeter whenever 
the AN/APGrU equipment is turned off. 

Servo-motor power is supplied to the SA^28/APG unit from 
the AN/APG*^ when the RE*17/APG unit is used, so the servo 
does not operate unless the bombing system is turned on. 
The RE^17/APG unit further contains calibrating rheostats 
for the servo follow-up circuit, so that the altimeter 
can be calibrated for proper bombing operation of the 
SA^28/APG compensation unit independently of the normal 
calibration of its limit-indicator circuits. When using 
the auxiliary relay unit, operation of altimeter limit 
lights is entirely normal except while altitude compensa- 
tion of the AN/APG^i is actually required. Of course, 
while the servo is actually in use limit lights no longer 
indicate departure of the aircraft from a chosen altitude, 
but only the occurrence of corrections to the servo posi- 
tion as the aircraft changes altitude. 

Some bomb-release mechanisms require more current than 
the contacts of the release relay of the AN/APCr^ can 
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reliably supply. If the release relay operates repeatedly, 
as the target signal fades in and out after release, 
additional bombs may be dropped at incorrect ranges. Both 
of these troubles are avoided if the release relay of the 
Sniffer merely actuates a rugged booster relay, which upon 
operation locks itself in the operated position until 
manually reset, and which also closes a heavy bomb- release 
circuit. Such a latching booster relay is included in 
a small control unit, shown in Fig. VI, -11 and designated 
C-i4ii4/i4PG. The control unit is intended to be mounted, 
with the SA^28/APG, in the panel plate shown in Fig. VI. -10. 



Fiq. VI. -11. Control unit 
for radar bomb release. 

Hiis accessory unit also contains a safety switch, which in 
the "safe” position silences the AN/APGrU transmitter and 
removes power from the booster relay to prevent any possi- 
bility of bomb release by that relay. VVhen turned on, this 
switch permits the transmitter to oscillate if the power 
switch of the SA^SA/ APG-i^ or SA^28/APG is turned on; it 
also lights a red warning or "ready” lamp in the control 
unit, and enables the booster relay to operate if the re- 
lease relay of the AN/APG^^ closes even momentarily. When 
the booster operates, it actuates the bomb release and locks 
itself in the operated position; an amber "release" larrp in 
the control unit comes on with the release operation and 
remains on. Return oT the switch of the C^lilA/APG to safe 
position silences the transmitter, extinguishes both lamps, 
and returns the booster relay to its open condition, pre- 
paring the system for subsequent cycles of operation. 

The complete automatic bombing system, with all acces- 
sories, consists then of two major and seven minor units* 
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The transmitter-receiver and two antennas of the *AN/APN^1 
altimeter are required, and connect through relay unit 
RE^17/APG and altitude-compensation unit SA-iS/APG to the 
transmitter-receiver unit of the AN/APGri equipment. Tlie 
latter is connected to its own two antennas and, through 
control unit C- lltlA/APG, to the bomb-release circuits of 
the aircraft. All these units, together with all intercon- 
necting cables, weigh far less than a bombardier and serve 
to make low- altitude blind bombing with high accuracy a 
fairly easy matter for the pilot of even a fighter aircraft. 

4. Azimuth controlling Equipment an/APG-6(XN) 

FOR AUTOMATIC LOW ALTITUDE BOMBING 

a. Purpose and General Description. Hie problem of 
supplying azimuth information in manned or unmanned air- 
craft, for the purpose of directing flight accurately toward 
an isolated surface target, has arisen in the use of f-m 
radar. Several experimental models of equipment to solve 
this problem, designated AN/APG^6{XN) and often called 
Super^Sniffer, were built. Successful fli^t tests of the 
experimental equipment had led to the construction of 
several pre-producti<xi samples of the final AN/APGrS design 
when changing tactical requirements caused the project 
to be dropped. 

/N//PG^6 equipment performs the same low- altitude bomb- 
ing function as does the AN/APCr4. It is able in addition, 
by use of a switched-lobe directive- antenna system, to 
close one or the other of two relays as the target deviates 
in azimuth to the right or left respectively of the direc- 
tion established by the antenna orientation. The AN/APCr6 
and *AN/APN-1 equipments together, with their respective 
outputs connected to control an automatic pilot, make 
possible the automatic (light of aircraft so as to ’home" 
at a chosen fixed altitude on an isolated surface target, 
and in addition to release a bomb at the proper range for 
a hit on the target. In this case, the SA^l/ARN^l alti- 
tude-limit switch will be used with the altimeter to set 
the altitude of automatic level flight, and the SA^SA/APCrU 
altitude-compensation switch will be used to set the 
AN/APCr6 for automatic bomb release at the correct range 
for the chosen altitude. 
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Homing flight is not adequate for bombing in a cross 
wind, so the AN/APGr6 equipment is actually used in con- 
junction with a gyroscopic stabilizer, which controls 
through a servo mechanism the orientation of the switched 
antennas. Provision is made in the stabilizer equipment 
to bring the aircraft automatically into a straight flight 
path which will directly intercept the target, as discussed 
in section 8 of Chapter V. The control output of the 
stabilizer may actuate the steering channel of an automatic 
pilot, or if manual flight control is desired the output 
may operate a Pilot Director Indicator (PDl). In the 
latter case, the pilot will fly level by use of the 
*AN/APN-1 indicator, and the automatic SA-28/APG altitude- 
condensation unit will be used to adjust the AN/APG-6 for 
correct release at the actual flight altitude. Sequence 
of flight operations may be controlled by range -dependent 
relay action in the AN/APG-6. 

The circuits in the AN/APGr6 which utilize the audio 
beat-note output of the receiver for operating the bomb- 
release mechanism of the aircraft are similar to those 
of the AN/APG-4 low-altitude bombing radar, as is the 
radio transmitter, which however has an increased r-f 
power output of two watts. The receiver is quite different, 
and operates on the side-band superheterodyne principle 
described in section 5b of Chapter III. The operating 
frequency of the AN/APG-6{XN) equipments was chosen as 
515 megacycles per second, primarily because of the early 
availability of suitable Yagi antennas designed for the 
ASB search radar. Pre-production samples of the AN/APG-6 
were built to operate at 410 megacycles, using the later 
AN/APGrU antenna shown in Fig. III. -3. 

A functional block diagram of the essential features 
of the AN/ APCr6{XN) equipment is shown as Fig. VI. -12. 
The basic features of a side-band superheterodyne receiver 
have already been shown in Fig. III. -24. Essential dif- 
ferences between the receiver in that figure and the 
receiver of the AN/APG-6{XN) equipments are the use in 
the latter of a radio frequency of 515 megacycles per 
second instead of 1500 megacycles per second, and of an 
intermediate frequency of 30 megacycles per second instead 
of 120 megacycles per second. Minor differences are the 
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use, in place of the two crystal mixers of the earlier 
figure, of a 30-megacycle combined oscillator-mixer and of 
a balanced first detector, identical with that of the 
AN/APGr^ equipment but tuned to 515 megacycles per second. 


TRANSMITTINU RECt VINC. 

ANTE JNA5 ANTENNA 



Fig. VI.. 12. Block diagram of AN/APG-6{XN) 
azimuth-controlling radar for 
low-altitude bombing. 

Operation of the side-band superheterodyne receiver is 
such that the frequency-modulated 515-megacycle received 
signal is heterodyned in the balanced first detector against 
a synchronously frequency- modulated 485-megacycle local 
mixing signal, to produce a 30-megacycle intermediate- 
frequency signal. The local mixing signal is the lower 
side band developed by mixing transmitter output with 
the output of a 30-megacycle local oscillator. Trans- 
mitter frequency modulation is removed from the received 
signal by heterodyning with the synchronously modulated 
local signal, so does not appear at the intermediate 
frequency. Low-frequency beat-note components appear at 
the output of the second detector, after the 30-megacycle 
intermediate- frequency radar signal has been heterodyned 
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against the 30-megacycle mixing signal from the local 
oscill ator. 

Transmitter-modulator unit, 30-megacycle oscillator- 
mixer, and side-band filter tuned to pass 485 megacycles 
per second are constructed as a single sub- assembly. 

Fig. VI. -13 shows the interior of the 25-tube AN/AP^6{XN) 
equipment and includes the transmitter, local oscillator 



Fia. VI. -13. Interior arrongeaent 
of AS/APG-6 (X!») equipment. 

and side-band filter, all in the unit vdiich is visible next 
to the dynamotor at the left of the figure. The vibrating 
modulator is at the end of this unit adjacent to the front 
panel and the side-band filter is at the rear end of the 
unit. The second detector of the AN/APG-6(AI^ equipmmt 
is balanced against microphonics originating in the oscil- 
lator-mixer; it is mounted on the i-f and audio-amplifier 
sub-chassis seen at the ri^t of the balanced first-detector 
unit in the figure. Transmitter, receiver and audio- 
an^lifier circuits are shown schematically in the left half 
of Fip. VI. -14. 

Tlie low-frequency radar- beat signals from the second 
detector are amplified in a hi^-gain audio amplifier hav- 
ing a gain- frequency characteristic similar to that of 
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Fig. III. -28. Output from this amplifier feeds tw separate 
channels through filters of different characteristics. One 
of these channels, fed through a low-pass filter to reduce 
disturbing noise, comprises limiters, counters, and relay 
circuits for utilizing range and speed information for 
bombing. This channel is similar to the corresponding 
portion of the AN/APGr^, with the exception that a counter 
"blanking" circuit is added to prevent unwanted transients 
from affecting the accuracy of operation of the counter cir- 
cuits. Counter blanking has been described in Chapter IV., 
section 3e. A "memory" type of device to offset signal 
fading, described in section 2 of Chapter VII., is also 
added and operates as an accessory to the bomb-release 
circuits. The second channel, fed through a high-pass 
filter to reduce altitude signal while the aircraft is 
banked in turns, comprises the circuits necessary to 
convert signal- strength variations determined by target 
azimuth, which are produced by antenna switching, into 
useful operation of a pair of relays. This azimuth- 
determining channel will be described later. Bombing 
and azimuth- determining circuits are shown schematically 
in the right half of Fig. VI. -14, as are the modulating 
circuits and the 5A-2S/APG altitude-compensation circuits. 

The transmitting- antenna system comprises two Yagi 
antenna arrays, mounted with a fixed angular displacement 
of 30 degrees between the center lines of their respective 
horizontally directed beams. For gyro- stabilized orienta- 
tion, a remotely controlled servo unit of sufficient power 
to rotate the antennas is coupled to the cuitenna pair; 
this permits the mean azimuth of transmission to be dis- 
placed as much as 30 degrees from the heading of the 
aircraft. Hiis servo and the stabilizer which controls it 
are described in detail in the Handbook of Maintenance 
Instructions for Model MX-2^7/APG{XN) Stabilizer. A 
general description of the way in which the stabilizer 
acts to provide flight- control data will be given later. 
Use of a remotely operated servo unit to position the 
transmitting- antenna pair allows placement of the antennas 
on the aircraft to be determined primarily by electrical 
considerations affecting the operation of the equipment, 
while the gyro stabilizer is mounted in any convenient 
location. 
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A separate 50*ohm coaxial transmission line is con- 
nected between each antenna and one contact of a single- 
pole, double- throw switch having its blade fed by the 
transmitter. This switch is operated by a cam driven from 
a two-to-one reduction gear on the dynamotor shaft; it is 
located in the main transmi tter- receiver unit of the 
equipment. Transmitter power is thus fed to the two 
antennas alternately through the switch, at a frequency 
of alternation equal to one half the rotational speed of 
the dynamotor. The housing of the antenna- sel ecting 
switch may be seen at the front end of the dynamotor in 
Fig. VI. -13, with the antenna- cable receptacles projecting 
through the front panel of the equipment. A switch which 
must operate synchronously with the antenna switch is used 
in the azimuth-determining circuit and is also contained 
in this housing. Double extensions on the dynamotor shaft 
permit mounting the mechanical switch which serves as a 
modul ation- vol tage source on the opposite end of the 
dynamotor frame from the gear-driven antenna switch. The 
modulating switch is identical to that used in the AN/APG-i 
equipment and operates at dynamotor speed. It is evident 
that one complete frequency-modulation cycle of the trans- 
mitter occurs for each position of the antenna switch. 

Actually, the antenna switch is somewhat more compli- 
cated than the simple single-pole, double- throw variety; 
it is arranged to have ''make before break" contacts so 
timed that for about one per cent of the switching cycle 
both antennas are connected to the transmitter. The rest 
of the cycle is divided equally between the two antennas 
acting singly. The modulation switch is phased mechani- 
cally with respect to the antenna switch so that one peak 
of each cycle of frequency modulation occurs at the center 
of each antenna- switch overlap interval. Antenna switching 
produces load changes on the transmitter, because it 
is not practicable to build a switch in which there is 
consistently neither dead space nor overlapping* Rapid 
changes in transmitter loading such as occur due to 
switching action produce undesired transient signals, as 
previously mentioned. Presence of a definite overlap time 
holds these transients to a practical minimum. Such 
transients have no adverse effect on the azimuth-deter- 
ming circuits, but would be definitely detrimental to the 
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operation of the bombing circuits if the switched counters 
were not blanked. 

Reflected signal from the target is picked up on a single 
fixed Yagi receiving antenna, mounted so that the center 
line of its single major directive lobe is parallel to 
the longitudinal axis of the aircraft. Thus, reflected 
signal is received alternately from Oiie transmitting 
antenna or the other, except for a short interval of time 
( antenna- switch overlap time) when reflected signal from 
both transmitting antennas is received. Fig. VI. -15 shows 
all three antenna directive patterns as dashed curves, 
under the condition that the receiving- antenna orientation 
is centered with respect to the two transmitting antennas. 



Fig. VI. -15. Horizontal directive patterns of AN/APG-6 

antennas. 

Each individual antenna has the same directive pattern in 
both AN/APCrU and AN/APG^6 systems. 

Tlie products of transmitting and receiving field pat- 
terns, represented by the full-line curves of Fig. VI. -15, 
show that a reflecting target on the center line would give 
equal received- signal strength for transmission from eitdier 
of the switched antennas. Siould the reflecting target be 
displaced to the left of the center line, received signal 
would be greater when the left transmitting antenna is 
energized and less vAien the right transmitting antenna is 
energized. TTie antenna patterns indicate development of 
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a toted difference in received- signal strength under the two 
transmitting conditions of about 3 per cent per degree of 
azimuth deviation of the target from the line of equal 
signal strength. Azimuth-determining circuits provide 
means for detecting and utilizing this signal -strength 
differential to operate right-left relays. Operation of 
these relays may be used to guide the aircraft or to cause 
a servo system to rotate the transmitting- antenna pair in 
the proper direction to reduce the signal -strength differen- 
tial to zero. 

b. Azimuth Determining Circuits. Operation of the 
azimuth-determining or ’^comparator” circuits of the 
AN/APCr6 is rather different from that of the various sys- 
tem elements previously covered, so will be separately 
described here. Tlie arrangement used is noteworthy for 
the sensitivity attained by relatively simple means. 

As has been explained already, antenna switching pro- 
duces square-wave amplitude modulation of the radar beat- 
note signal, dependent in degree and polarity on the 
deviation of target azimuth from the line of symmetry of 
the switched- antenna directive patterns. So far as azimuth 
determination is concerned, the radar beat serves merely 
as a carrier signal for this amplitude modulation. Fre- 
quency modulation of the transmitter must be so controlled 
that this carrier will be passed by the audio amplifier 
for any range at which azimuth determination is required. 
A ’’sweep compression” circuit is necessary to accomplish 
such a result for the longest ranges, and will be described 
later in this section. 



Fig. VI.-16* Circuits for determining target azimuth. 

Fig. VI. -16 shows the circuits of the azimuth-determin- 
ing comparator and its associated relay amplifier. Low 
frequencies in the beat-note carrier signal are greatly 



228 FREQUENCY MODULATED RADAR Chap. VI. 

reduced by using a small capacitance in the input- coupling 
circuit . At short ranges, where the range-beat 

signal from the desired target is strong and of low fre- 
quency, this does no harm. At long ranges, where the 
desired- target signal is weak and of high frequency, low- 
frequency sea- return signal received in banked turns is 
prevented from acting as a strong target off to one side* 

The comparator tube V itself operates as a grid- leak 
detector. Grid current through leak biases the tube 
well beyond cut off, in the presence of high-level audio 
input. The long time constant of the grid-leak and con- 
denser combination maintains this bias steadily at 

such a value that the peaks of the azimuth-modulated radar- 
beat signal just drive the grid to zero. The plate of 
the comparator tube therefore swings from supply voltage 
to practically zero voltage on a portion of each beat-note 
cycle, while the antenna giving the stronger signal is 
connected. Since the grid bias can not decay ^preciably 
within an antenna- switching cycle, grid voltage will not 
swing up to zero nor plate voltage down to zero on beat- 
signal cycles produced while the weaker antenna is active. 
Series resistor prevents extremely rapid charging of C^, 
and so prevents undue alteration of bias by strong but 
very brief transient -signal peaks which may be produced 
by antenna switching or other disturbances. 

Average voltage at the plate of will be below the 
supply level by an amount depending on the duration and 
strength of the plate-current pulses , at radar-beat fre- 
quency, through plate load r^. Duration of these pulses 
will depend on the amplitude of the strongest beat-note 
signal applied to the grid circuit, and their momentary 
strength on the degree to which the momentary amplitude 
of the input approaches its bias-setting strongest value. 
Average drop of plate voltage below supply level E^ while 
the right antenna is active may be called and average 
drop for left antenna, A typical strong-signal drop 

for the stronger antenna is 55 volts, with a 3-per-cent 
smaller signal from the weaker antenna then giving an 
average drop of 50 volts. 

The integrating or averaging connection of the trans- 
fer circuit r^, insures that the voltage at the high 
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terminal of will be substantially the average plate 
voltage of . This is either or depending 

upon the antenna in use. Comparator switch Sw transfers 
the low terminal of Cg, synchronously with the antenna 
switching, from connection to ground while the rigjitward- 
pointing antenna is active to connection to the output-load 
circuit r , C while the left antenna is active. The 
voltage across transfer capacitor is therefore F^-e^ 
in the former and in the latter case, where e is 

voltage across the output circuit. If these voltages are 
different, an increment of charge will enter each time 
the larger voltage is applied. With antenna- swi tch in g 
frequency , the average current transferred through Cg 
by this sequence of charge increments is 

. = <vi.3) 

For a steady- state condition, output voltage e will 
take such a value that the current e/ leaking through 
Tg is just able to consume during each switching cycle 
the charge increment transferred by Cg . Tliat is, equa- 
ting currents, 

Comparator-output voltage e is thus proportional to the 
difference between the signal levels associated with the 
two antennas, while the polarity of e depends on which 
si^al is the stronger. So long as Cg can be fully charged 
through Tg while the switch is in one position, the value 
of Tg is immaterial except as a smoothing element. The 
time constant with which output voltage e can follow 
changes in or target azimuth, is controlled by the 

value of in conjunction with that of in parallel 
with an equivalent resistor l/(f C_). 

ft 3 

Comparator output will not be disturbed by antenna- 
switching transients if the circuit of Cg is open during 
these transients. This condition is attained by allowing 
the switch Sw to open from one position before antenna 
switching starts on each half of the switching cycle, 
and not allowing Sw to close in the other position until 
after antenna switching is complete. The time sequence 
of switch operation used is shown in Fig. VI. -17. 
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Fig, VI. -17. Timing cycle and phase relation 
of modulating, antenna, and comparator 
switches . 

In the AN/APGr6, the comparator- output signal is applied 
through a ripple filter t to the grid of a current 
amplifier Vg , which in turn has a high-current relay and 
a low-current relay in series in its plate circuit. Cathode 
resistor is adjusted so that the positive comparator- 
output voltage required to actuate the high- current relay 
is equal to the negative comparator output required to 
open the low-current relay. Hiis balance is stabilized 
by feeding the amplifier screen from a regulated supply 
voltage. In the normal condition, with zero comparator 
output, the low-current relay is held actuated and the 
high-current relay remains open. Relay operation is 
arranged to occur for an an 9 )lifier ii^ut of ±2 volts, corre- 
sponding to a target- azimuth deviation of ±% degree for 
strong radar signals or ±1 degree for signals 3 decibels 
above noise. Greater azimuth sensitivity is easily obtain- 
able if needed. 

The simplicity of obtaining control action with f-m 
radar equipment is again emphasized by this arrangement. 
Aside from the additional antenna required to provide more 
data, target-azimuth deteimination requires only addition 
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to the equipment of two synchronously driven two-way 
selector switches and one tube with simple associated 
circuits. To provide control actuation on the basis of 
azimuth, one more tube and two relays of simple form 
are required. 

Consideration of effective working ranges of the low- 
altitude bombing and azimuth-determining functions of 
the equipment shows that while relatively short ranges 
are sufficient for bombing, ranges several times as great 
are required for establishing the aircraft on the most 
direct course to intercept the taiget. For the maximum 
design altitude of 400 feet and maximum closing rate 
of 350 knots, the range from target at release will be 
approximately 3000 feet and at that point the aircraft 
must already be on an interception course. 

Factors determining the range at which usable signals 
are needed for azimuth corrections prior to release are: 
stability of sighting platform, resolution of the sight, 
rate at which steering corrections can be made, and 
manner in which steering is controlled by target azimuth. 
Tests on AN/ APGr6{XN) equipment as used in an SNB air- 
craft have indicated that usable signal for azimuth 
corrections needs to be received three to four miles 
from the target in order to assure that the aircraft will 
be accurately established on a direct interception course 
by the time that it reaches the bomb-release point. 

Required transmitter sweep widths for bombing vary 
between 4.1 megacycles per second at an altitude of 50 
feet and 1.7 megacycles per second at 400 feet altitude. 
For release at maximum altitude and maximum closing speed, 
the sum of range-beat frequency and speed-beat frequency 
is about 3000 cycles per second, so a receiver band width 
of 4000 cycles per second is ample for bombing. However, 
using a minimum sweep width of 1.7 megacycles per second 
at a range of 4 miles results in a range frequency of 
15000 cycles per second, and for maximum sweep of 4 mega- 
cycles the range frequency at four miles is about 35000 
cycles. Both of these range frequencies are well outside 
the audio band required for bombing. Severe reduction of 
signal-to-noise ratio for bombing would result if a wide- 
band beat- frequency amplifier were used to adbit such high 
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beat frequencies at maximum azimuth-determining range. 

An obvious solution is to reduce the sweep width to 
values below the bombing minimum when the aircraft is 
at greater ranges than maximum bombing range. Minimum 
attainable sweep width is restricted by residual frequency 
modulation of the transmitter, due in particular to micro- 
phonics in the vibrating-capaci tor modulator. Residual 
sweep in AN/ APG^6(XN) equipment is of the order of 0,3 
megacycle per second. The audio- amplifier frequency char- 
acteristic, which has the general form shown in Fig. III. -28 
except for a steeper rise in the operating region, is 
peaked at 6000 cycles, corresponding for a range of three 
miles to a sweep width of approximately 0.85 megacycles 
per second. No further reduction in sweep width is re- 
quired for ranges somewhat greater than three miles, since 
the amplifier does not cut off very sharply on the high- 
frequency side of its pass band. Reduction of higher- 
frequency response for the bombing channel is required 
to reduce noise and possible interference from distant 
targets. Tliis reduction is accomplished by means of a 
tube with selective negative feed back epplied to it by a 
resistance- capacitance network. The high-cutting tube is 
interposed between the output of the audio amplifier and 
the grid of the first limiter tube of the bombing channel, 
reducing the frequency of overall peak response in that 
channel to 4000 cycles or less. 

Automatic means is provided in the equipment to vary 
sweep width from a minimum value at maximum range to the 
value necessary for functioning of the bombing circuits. 
This automatic sweep-width corrpression circuit operates by 
controlling, in accordance with received- signal strength, 
the amplitude of the square- wave .voltage applied to the 
modulator wave- forming circuit. When the received radar- 
beat frequency has fallen to the order of the peak response 
frequency of the bombing channel, the sweep-width control 
tube will normally be biased beyond cut off. Sweep width 
will then be controlled as a function of altitude by the 
SA^-28/APG automatic altitude-compasation unit alone. 

Fig. VI. -18 is a schematic diagram of the sweep-width 
compression circuit. Tube of this figure is a diode 
control rectifier fed from the output of the audio- frequoicy 
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Fig. VI. -X8. Automatic sweep-compression circuit. 

amplifier. Rectification of the audio signal produces across 
the diode-output resistor a direct negative control 
voltage proportional to signal strength. Introduction of 
a controllable positive bias voltage into the diode circuit 
from voltage divider provides a signal-level threshold, 
by ensuring that the grid of sweep -comp res sing tube 
is held at cathode voltage in the absence of rectified 
output across Capacitors and serve with resistor 
Tg as a smoothing filter to prevent audio frequencies from 
appearing on the grid of Vg ^ 

In the absence of sufficient signal to oveT'-ride the 
delay or threshold voltage introduced by r^, is zero 
biased and its pi ate- to- cathode resistance is approximately 
10,000 ohms. Square- wave plate voltage for is supplied 
by the SA^28/ APG automatic altitude- compensation unit, 
through . The combination of and the resistance of 
compressor tube Vg to ground serves as a voltage divider 
interposed between the edtitude- compensation unit and the 
modulator wave-foiming circuits. Increasing audio- amplifier 
output produces a negative control voltage across . When 
this exceeds the positive threshold voltage from r^, it 
causes the grid of ^ go negative. This in turn causes 
the plate- to-ground resistance of to increase with 
increasing signal level. 

When finally the rectified signal is sufficient to apply 
cut-off bias to the grid of conduction in this tube 
becomes negligible and it no longer acts in conjunction 
with as a voltage divider. Under this condition, modu- 
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lation voltage and therefore sweep width is determined only 
by the automatic altitude- compensation unit. Sweep- width 
coitpression is then no longer required, because the bias 
on Vg is produced by the passage of strong beat signal 
through the amplifier. The purpose of compression was 
merely to insure the presence of such signal to act as a 
carrier for the azimuth data. 

Operation of the sweep-width compressor circuit is 
limited in practice to the negative- slope or high-frequency 
region of the audio- frequency amplifier- gain characteristic. 
Increases in received signal due to rising amplifier gain, 
as range and range-beat frequency decrease, permit the 
compression circuit to increase sweep width. This in 
turn tends to increase range- beat frequency, since changes 
in sweep width result in changes in range frequency for 
a given range. The compression circuit thus acts to 
maintain the received frequency at or near the peak of 
the audio -amplifier characteristic as range decreases. 
The result is effectively an automatic frequency control 
which adjusts sweep width to maintain received frequency 
within the pass band of the audio amplifier. Means for 
automatically varying sweep width are not necessarily 
limited to control by signal strength, however. Control 
may for example be developed as a function of range or 
time from target. 

Because azimuth sensing in the comparator circuits is 
accomplished by comparing signal amplitudes, automatic 
gain control to prevent limiting action in the audio 
amplifier is essential. Control voltage for automatic gain 
control is derived from a high-level control rectifier, also 
used to actuate the anti- fading accessory or ”short-time 
memory” circuits, which are included in Fig. VI. -14 and 
discussed separately in section 2 of Chapter VII. It is 
evident that, if a-g-c acts to limit the amplifier output 
to a level below that required to assure complete cut off 
of the sweep-width compression tube, inaccuracies in bomb- 
ing will result because of insufficient sweep width. Satis- 
factory operation of the sweep-width compression circuit 
is therefore dependent upon proper relative settings 
of sweep-width- compression threshold control, of 
Fig. VI. -18, and of automatic-gain-control threshold. 
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c. Control of Aircraft Steering. Operation of the 
azimuth relays of the AN/APG-6 furnishes the necessary 
information to steer an aircraft, either manually or auto- 
maticcdly, so as to keep it pointing directly at the radar 
target. This type of steering will not cause a bomb 
released from the aircraft to strike the target, however. 
To bomb, it is necessary to establish the aircraft on a 
radial or direct-interception course, for which there is 
no relative motion of aircraft and target transverse to 
the line joining them. 

There is a straightforward navigational procedure, 
described in section 8 of Chapter V. , that will bring an 
aircraft smoothly into an interception course. This 
procedure requires a sighting means, represented by the 
switched antennas and azimuth- determining channel of the 
AN/APG-6, which is rotatable on the aircraft and is kept 
trained on the target. It also requires a steady direction 
reference, whichmay be provided by a gyroscopic stabilizer. 

The fundamental element of the stabilizer is a gyro- 
scope wheel kept spinning about a nominally horizontal 
axis. The gyro, with the ring in which its bearings are 
mounted, is free to tilt about a horizontal axis perpen- 
dicular to the spin axis. This til table assembly, with 
the tilt- axis bearings carrying it mounted in a nominally 
vertical ring called the cardan ring, is free to turn 
about a vertical cardan axis with bearings fixed to the 
aircraft. It is the basic property of the gyroscope when 
undisturbed that the direction of its spin axis will remain 
fixed in space, however the aircraft attitude may change. 
It is a further basic property that when disturbed by a 
torque applied about the cardan axis the gyroscope will 
not turn about that axis, but will instead rotate about 
the tilt axis or precess. A torque about the tilt axis 
will similarly cause precession about the cardan axis. 

The gyroscope is used in the stabilizer to adjust 
potentiometers mounted on its cardan axis. These potentio- 
meters, as well as the cardan bearings, produce a torque 
about that axis whenever the aircraft yaws with respect 
to the fixedly directed gyroscope. Torque to operate the 
control potentiometers as the aircraft yaws is the useful 
output of the stabilizer unit, but must be obtained without 
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disturbing the fixity of the reference direction in azimuth 
established by the gyroscope spin axis. A servo mechanism 
is necessary to reconcile these two requirements. Cardan- 
axis torque causes the gyro to process about the tilt axis» 
the direction of tilt depending upon the direction of the 
torque. This tilting closes one or the other of two 
control contacts, and thus activates a servo motor which 
turns the gyro mechanism with respect to the aircraft so 
as to maintain the gyro axis fixed as the aircraft yaws. 
The servo supplies the torque necessary to adjust the 
potentiometers and to overcome bearing friction, thus 
arresting and ultimately cancelling the tilt precession 
that initiated servo action. 


Rf f VCR ANTENNA 



Fig. VI. -19 is a pictorial diagram of the complete 
system required for guiding an aircraft in altitude and 
azimuth toward a surface target and releasing a bomb auto- 
matically at proper range. Hie ♦A/V/AR/V-l altimeter shown 
has already been described in section 2 of this chapter, 
and its use to compensate the bomb- release computer through 
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the SA^28/APG unit has been described in section 3c. Addi- 
tional equipment required to utilize the azimuth data from 
the AN/APGr6 radar comprises four units. These are the 
MX^2i7lAPG gyro stabilizer proper, antenna servo, control 
box, and Pilot-Director Indicator (PDI) , In the actual 
MX-‘2i7/APG{XN) equipment, a separate junction box was also 
used, but such a fifth auxiliary unit is not essential. 

Fig. VI. -20 is a block schematic diagram showing essen- 
tial features of the stabilizer, antenna servo, and steering 
control. As indicated, steering may be done either by a 



Fig. VI. -20. Block schematic diagram of stabilized 
steering system. 

human, pilot under PDI guidance or directly by controlling 
an automatic pilot. The small control box shown in the 
pictorial diagram. Fig. VI. -19, contains a main stabilizer 
and gyro power switch, as well as the necessary switches 
to operate magnetically the main clutch and the navigation 
clutch shown in Fig. VI. -20. When the main clutch is 
engaged but the target- tracking motor is stopped, yawing 
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of the aircraft results in causing the resistive elements 
of both the antenna and the PDI potentiometers of the 
stabilizer, which are attached to the airplane, to rotate 
with respect to their brushes, which are geared to the 
gyro shaft and consequently fixed in azimuth. One of these 
potentiometers is connected in a bridge circuit with the 
follow-up potentiometer of the antenna servo. This bridge 
circuit will be unbalanced by motion of the stabilizer, 
causing current to flow through a sensitive polarized relay 
connected to the bridge output. This relay in turn acti- 
vates the antenna-servo motor, which rotates the antennas 
to return the bridge to a balanced condition. Thus the 
antennas are kept aligned in azimuth with the stabilizing 
gyro while the aircraft turns with respect to both, for 
any rate of turn up to 15 degrees per second. 

Motion of the other cardan potentiometer and consequent 
current unbalance in the PDI bridge also results from yaw; 
this causes a deflection of the PDI proportional to the 
angular displacement between aircraft and gyro. By an 
alternative arrangement, similar to the antenna servo and 
connected as indicated in place of the PDI, steering of 
the aircraft may be done automatically through the auto 
pilot. Operation of a target- tracking servo controlled 
from the azimuth relays of the AN/APGr6 and acting on the 
potentiometer shaft through differential gearing results 
in superimposing target- azimuth changes upon the gyro 
control of the antenna and PDI potentiometer aims. Tlius 
the antennas may be made to rotate, with respect to the 
gyro- stable reference, so as always to point directly at 
the radar target, Indications given by the PDI are modi- 
fied in accordance with this antenna rotation. 

The above method of utilizing the azimuth information 
from the AN/APGr6 leads to a homing course, since it causes 
the PDI to indicate in proportion to the angular displace- 
ment between the antennas and the aircraft heading; such 
a course is useless for bombings Direction indications 
useful in establishing a navigation or direct- interception 
course are obtained by engaging the navigation clutch as 
well aa the main clutch. This results in driving a pair 
of navigation rheostats in the PDI circuit, at a separately 
determined rate, from the target- tracking servo which also 
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drives the antenna and PDI potentiometers. Target- azimuth 
information supplied by the AN/ APGrE equipment now causes 
the balance point of the PDI bridge to occur with the PDI 
potentiometer off its central position, because of the 
displacement of the navigation rheostats. That is, a 
centered PDI indication is obtained with the aircraft 
heading turned somewhat away from the direct line of sight 
of the target. 

For example, changing target azimuti* may require the 
antennas to be rotated one degree to the left with respect 
to the gyro, in order to ke^ them trained on the target 
and so balance the comparator circuit in the AN/APCr6. In 
a homing approach, the PDI would call for a one-degree 
left turn aiid the aircraft would be so turned to keep it 
headed directly toward the target. By use of the navi- 
gation rheostats, driven through a suitably chosen gear 
ratio, the PDI may be made to call instead for perhaps a 
3-degree turn, to the left. Use of the navigation drive 
and rheostats thus permits the heading of the aircraft to 
be turned away from the line of sight to the target in 
orderly fashion. The aircraft is thereby made to follow 
the type of track illustrated roughly in Fig. V. -13, and 
so to establish itself in a direct- interception fiqpproach. 

If the aircraft yaws momentarily, perhaps because of 
rough air, the stabilizer and antenna servo act rapidly to 
keep the antennas trained on the target and the AN/ APGr 6 
and target- tracking servo are not affected. The PDI then 
indicates directly the yaw to be corrected, without alter- 
ation by the navigation rheostats. PDI azimuth-deviation 
indications are enlarged by a ’^navigation ratio” greater 
than unity only with respect to such antenna rotations in 
space as are caused by actual slow drift of the target 
across the line of sight. The indications thus increased 
serve to turn the aircraft so as to reduce the rate of 
crosswise target drift. 

Operation of AN/APCr6 equipment with gyro stabilizer 
requires that limits be placed on the angular displacement 
between antennas and gyro- stabili zed reference axis, 
because of the limited angular-motion capability of the 
potentiometers driven by the stabilizer. In order to uti- 
lize most effectively the permissible angular displacem^t 
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of the antennas, limited in the actual equipment to plus or 
minus 30 degrees, it is necessary that they be centered, 
or aligned parallel to the longitudinal axis of the air- 
craft, until a target run is started. The navigation 
rheostats should also be brought before the start of a 
run to the position for which the PDI bridge circuit is 
balanced when the antenna potentiometer is centered. 

Control -contact segments, having an open-circuit posi- 
tion aligned mechanically with the longitudinal axis 
of the aircraft, are associated with both the antenna 
potentiometer and the navigation rheostats. The target- 
tracking servo is controlled by the AN/APGr6 azimuth relays 
only when a master switch on the system control unit of 
Fig. VI. -19 is thrown to call for Sniffer operation. At 
all other times while the stabilizer is operating, the 
target- tracking servo is under control of the centering 
segments. 

Electrical interlocks in the centering circuit assure 
that the target- tracking servo is first controlled by the 
navigation-rheostat centering segments. When centering 
of these rheostats is completed, the navigation clutch is 
disengaged automatically and the servo is placed under 
control of the antenna- potentiometer centering segments 
to center this potentiometer, and with it the antennas and 
the PDI potentiometer. When all centering is complete, 
the main clutch connecting the target-tracking servo is 
automatically disengaged and the shaft to the antenna and 
PDI potentiometers is locked to the aircraft structure 
by a mechanical latch. Under this condition no mechanical 
caging or restraint of the gyro is necessary; the gyro- 
servo motor, controlled from the precession- axis contact 
segments of the gyro, will compensate for torque caused 
by friction in cardan-axis bearings and differential gears 
and so will maintain the gyro spin axis horizontal as the 
aircraft turns. Since the control potentiometers of the 
stabilizer are always centered when Super-Sniffer operation 
is started by throwing the master switch on the control 
unit, and so applying gyro control by engaging the main 
clutch, initial orientation of the gyro spin does not 
matter. Ohly the directional stability of the gyroscope 
is important. 
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Automatic flight is readily achieved by using the 
alternative circuit of Fig. VI. -20, in which the PDl is 
replaced by a polarized relay controlling the turn motor 
of an automatic pilot. The follow-up potentiometer shown 
driven by the turn motor serves to rebalance the steering 
bridge with the turn motor displaced from its neutral 
position. Displacement of the turn motor is thus made 
proportional to the departure of aircraft heading from a 
value which is established by the line of sight to the 
target, in conjunction with the drift correction introduced 
by the navigation rheostats. Since rate of turn of the 
aircraft is proportional to the tum-mot/)r position, there 
results a rate of turn proportional to heading change 
required and directed to reduce that change. This is the 
condition for stable turning motion of the aircraft, with 
simulated viscous damping. 

In general, the principles discussed in section 2c of 
this chapter, on automatic flight control by radar alti- 
meter, govern stability when utilizing radar azimuth 
information either for PDI-manual or for automatic steering 
of an aircraft. Optimum navigation ratio is determined 
by the stability of the sighting platform (in yaw this 
platform is the gyro, but in roll and pitch it is the 
aircraft) and by azimuth resolution of the antenna system. 
Speed at which course corrections may be made is determined 
by the rapidity with which the aircraft will follow such 
cori:ections. Aircraft may be subject to wild yaw oscilla- 
tions about the proper heading if speeds of response of 
aircraft, automatic pilot and azimuth -determining means 
are not correctly related. This may be overcome in some 
cases by limiting the speed of the target- tracking servo. 

At maximum range, differences between a homing course 
and a navigation or interception course are slight but 
target resolution is poor; satisfactory operation results 
only if a simple homing course is used during the initial 
phase of the approach. Where difference between homing and 
navigation courses becomes substantial, at perhaps one to 
one and a half miles from the target but in any case at a 
range depending on the relative transverse speed of the 
target, the navigation clutch should be engaged. This 
may be done automatically by the target- indicating circuit 
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of the AN/APGr6, on the basis of signal strength above a 
preset threshold. Target indication is provided by the 
anti*- fading accessory which is discussed in section 2 of 
Chapter VII. 

As the aircraft approaches the target, the angle sub- 
tended by the target becomes greater and, as in the case 
of a broadside attack on a ship, multiple reflections from 
various parts of a complex target will cause sudden, random 
course corrections to be applied. Such a condition results 
in violent heading changes if navigation corrections are 
being applied at short ranges. The navigation clutch 
may be disengaged automatically, a few seconds before 
bomb- release range is reached, by control signal from a 
release-warning accessory circuit, such as one of those 
described in section 1 of Chapter VII., applied to the 
AN/APG^6. [This circuit was not regularly included in 
the AN/APGr6(XN)]. After the navigation clutch has been 
disengaged, the aircraft may be flown in to the bomb- release 
distance on a homing basis, retaining the drift correction 
already established. Alternatively, the target- tracking 
servo may be stopped when the navigation clutch is disen- 
gaged by the release-warning signal. The aircraft will 
then be steered in to release by the gyro stabilizer 
only, on the heading last set up by radar before dis- 
engagement. 

Other methods of arriving at the final navigation course 
are also possible. For example, a homing course may be 
flown between predetermined range limits with the navigation 
clutch engaged, but with the navigation rheostats electri- 
cally disconnected from the PDI bridge circuit, thus 
mechanically storing navigation information. This informa- 
tion may finally be applied to the aircraft course as one 
major drift correction, based on all accumulated data. 
Navigation ratio may if desired be made a function of range 
or time from target, thus providing optimum ratio at all 
times. As indicated by the operating sequence described, 
it seems desirable to use unity navigation ratio (homing 
course) at maximum range ^ to increase this ratio to the 
maximum stable value at medium ranges, and to reduce it 
again to unity, or even to zero (fixed-heading gyro steer- 
just be&re bomb release. 



Sec. 4 


SINdE-TARGET F-M RADAR SYSTEMS 


24? 


d. Operation, Aircraft utilizing AN/APG--6 equipment 
would be directed to the target area in tactical opera- 
tions by search radar or other suitable equipment. Such 
equipment need provide only moderately accurate range 
and azimuth information. Initiation of operation upon 
arrival in the target area requires that the aircraft 
be flown at a suitable low altitude and headed essen- 
tially toward the target. The master switch on the 
stabilizer- system control unit must be thrown, at a range 
depending on target size but approximately four miles, 
to transfer control of antenna orientation and PDI indi- 
cation from the centering segments of the stabilizer 
to the AN/APG’^6. 

Tills initial procedure results in PDI operation to 
produce a homing course. Operation may later be changed 
as range decreases, so as to develop an interception 
course, by energizing either manually or automatically 
the navigation clutch of the stabilizer. Altitude must 
be held between 40 and 400 feet during the bombing por- 
tion of the approach only, although excessive altitude 
earlier may result in losfi» of signal. If the aircraft 
is flown to hold the PDI centered, it will be brought 
in on a proper course and a bomb will be released at 
a proper range to secure impact on the target. Once 
the approach has been turned over to the Super Sniffer, 
the pilot need only maintain some constant altitude 
within the permitted range and keep the PDI centered; 
all operation is then automatic. Upon completion of 
the run, control of antennas and PDI is returned to the 
centering segnents of the stabilizer. 

When AN/APGn6 equipment is used in pilotless aircraft, 
transfer of control of the target- tracking servo from 
centering contacts to AN/APG-6 relays, as well as sel action 
of altitude at which the *AN/APN-1 altimeter holds the 
aircraft under automatic control, is accomplished by remote 
radio- control link. 

Flight tests of the AN/APG-6(XN) equipment have been 
concerned primarily with its azimuth- con trolling func- 
tion. In very limited bombing tests, however, there 
was some indication that imperfect stability of counter 
blanking as then developed was impairing release accuracy 
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perceptibly. Targets of the size of a medium freighter, 
seen broadside, gave consistent azimuth control at ranges 
up to four miles. By inactivating the navigation- cor- 
recting elements at moderate range to avoid violent last- 
minute corrections, the aircraft was consistently able 
to pass over vessels following straight courses. The 
improvement in reliable signal quality with respect to 
the AN/APG~i was striking; this was apparently due in 
part to freedom of the superheterodyne receiver from 
detector unbalance and in part to increased transmitter 
power. 

Tables VI. -3 and VI. -4 list pertinent electrical and 
mechanical characteristics of the equipment, including the 
gyro- stabilizer unit. 

TABLE VI. -3 

Operating Characteristics of Azimuth— Determining 
Radar Bombing System 


Radar Equipment AN/APG-6 (XN) 
Transmitter Frequency: 
Transmitter Power: 

Frequency-Modula- 
tion Sweep Width: 

Modulation-Sweep Frequency: 
Antenna -Switching Frequency: 

Operating Altitudes: 

(I omhing) 

ange : 

Azimuth Sensitivity: 

Power Source 
Requirements: 

Number of Tubes: 

Gyro Stabilizer and Servo Syst 

Antenna -Servo 
Tracking Speed: 

Antenna -Servo 

Tracking Accuracy: 

Antenna -Servo Torque: 
Navigation Ratios: 

Target -Tracking Speed: 

Power Requirements: 


515 megacycles/sec. 

2 watts 

4 megacycles/sec. max. 
Approx. 120 cvcles/sec. 
Approx. 60 cycles/sec. 
40-400 feet 

Approx. 4 miles max. 

tol degree depend- 
ing on range 

5 amps, at 27 volts d-c 
25 

^X-247/APG(XN-I): 

15 degrees per second 

± 3/8 degree 
35 inch -pounds 
2 to 1 or 3 to 1 
2 degrees per second 

5 amperes at 27 volts 
d-c 
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TABLE VI.. 4 


Physical Characteristics of Azimuth- Determining 
Radar Bombing System 


Uni t 

Dimensions 

inches 

18 wide 

104 deep 

7 ^high 

32 wide 

21 deep 

20 high 

Weight 

pounds 

26.3 

11.0 

Radar Equipment 
AN//^^6{XN) 

(Incl. Shock Mount) 

Transmitting Antennas 
( two in Yoke) 

Receiving Antenna 

12 wide 



19 deep 

20 high 

5.1 

Altitude Compensation 

34 wide 


Unit SA-28/APG 

64 deep 

34 high 

1.8 

Gyro Stabilizer 

8 wide 


MX-247//iPG(XNl) 

64 deep 

11 high 

19.8 

Antenna Servo 

7 wide 



74 deep 

34 high 

8 

Control Box 

4 wide 



24 deep 

4 high 

1.5 

PDI 

34 dia 

4 deep 

2.0 


5. 1500 -Megacycle bombing equipment 

AN/APG-17 

a. Purpose and Description. The need to have in 
reserve an additional operating frequency, as well as a 
military requirement that antennas be contained entirely 
within the surfaces of aircraft, led to the development 
and design for production of the low- altitude bombing radar 
designated AN/APG-17 Advent of a requirement for rocket 
firing prevented its large-scale production, however. While 
the bombing circuits and tactical operating speeds and 
altitudes of this equipment are essentially the same as 
those of the AN/APG^i, transmitter mean frequency is 
increased to 1500 megacycles per second and the cylindrical 
parabolic antennas shown in Fig. III. -4 are used. These 
antennas are designed to be contained within the leading 
edge of the aircraft wing. Installation and maintenance 
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LOCAL OSCILLATOII 



Fig. VI. -21. Circuit diagram of radar 

of the equipment in aircraft is facilitated by adoption 
of a two-unit construction for the production model. 

The smaller of the two main units, which is designated 
BT^98/APG^ 17y comprises the transmitter and receiver up 
to and including the final audio- amplifier stage. A block 
diagram of the transmitter and side-band superheterodyne 
receiver which make up the unit has already been given 
as Fig. III. -24, and a complete circuit diagram is given 
in Fig. VI. -21. Conpactness, rugged construction, complete 
shielding, ease of maintenance, and absence of calibrating 
controls are characteristics of the complete transmitter- 
receiver unit. Separation of transmitter- receiver func- 
tions from computer requirements greatly facilitates 
adaptation of the equipment to operations other than 
level-flight bombing. The AN/APGrl7A and AN/SPN^2 systems, 
to be described later in this chapter, are exanples of the 
flexibility of this unit 
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receiver- transmitter unit RT~9d/APG~17 , 

Photographs of the 18-pound 7 unit are shown 
in Fig. VI. -22; a view with front panel removed is included 
to show the arrangement of sub- assemblies within the unit. 
One multi -conductor cable, for direct-current heater and 
plate power as well as modulation- voltage input, and one 
coaxial cable for low-frequency beat-note signal output, 
serve to connect this transmitter-receiver unit to the 
computer-power unit of the equipment. The transmitter, 
visible at the left front of the interior view of the unit, 
uses a single 2C45 light-house tube in a grounded-grid 
resonant-line circuit, as described in section 3a of 
Chapter III, and shown in detail in Fig. III. -9. The 
assembly of single-side-band filter, crystal mixer, and 
crystal first detector, described in detail in section 5b 
of Chapter III. and shown in Fig. III. -25, is visible at 
the right front of the unit. Directly behind the side- 
band filter may be seen a sub-chassis which carries the 



248 FREQUENCY MODULATED RADAR Chap. VI. 

120-mc^acyclc intermediate- frequency amplifier and second 
detector, as well as the audio- input coupling transformer 
and first audio- frequency amplifier sta^e. Directly behind 
the transmitter is the 120-megacycle per second Jocal 
oscillator, together with inductance- capacitance decoupling 
filters in the various direct-current leads supplying both 
transmitter and local oscillator. The sub-chassis at the 
rear of the interior photograph contains the last two 
stages of audio- frequency amplification, as well as the 
triangular and pulse wave-forming and mixing circuits for 
obtaining linear frequency modulation (see Fig. III. -12), 
and in addition the modulator tube and transformer to drive 
the vibrating- c£q)aci tor modulator unit. The vibrating 
modulator itself, which is built into the transmitting 
oscillator, has been described in section 4b of Chap- 
ter III., and a photograph of it appears as Fig. III. -10. 









'"liil 





Fiq. VI. -22. Trcmanitter- 
racaiver unit of AN7APG^17 
boabing radar. 


Fig. VI. -23. Coaputar-powar 
unit of AN/APG^ij boabing 


rador. 
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The 19-pound computer-power unit, which is designated 
CP-20/APG-1Z is shown in Fig. VI. -23; a plan view of its 
chassis is included to show arrangement of parts. Occupy- 
ing the front central portion of the interior photograph 
is the mechanism of an SA-28/APG automatic altitude com- 
pensation unit, which is made an integral part of the 
AN/APG-17 rather than an accessory. As described in 
section 3c of this chapter, the compensation unit includes 
a follow-up potentiometer driven by a servo motor which is 
controlled by the limit relays in an *AN/APN-1 altimeter. 
Tlie servo produces a shaft rotation which is proportional 
to the altitude of the horizontal center line of the bomb 
racks above the surface of the terrain. Ganged with the 
follow-up potentiometer are rheostats used to control 
modulation sweep width, speed- intercept and residual -range 
bias, and range- lead bias scale of the bombing ecfuipment, 
all of vdiich must be varied as functions of altitude. To 
the right of the altitude- compensation unit are mounted 
fuses and calibrating controls. The left central portion 
of the chassis contains tubes for the double limiter, 
switched counters, release and ant i-false- release circuits. 
Dynamo tor, voltage-regulator tube and bomb- release relay 
are visible at the rear of the chassis. 

The counter and bombing circuits of the AN/ APGr 17 
differ only in detail from those of the AN/APG-^, so ref- 
erence may be made to Fig. VI. -7 for these circuits. 
Major circuit differences are merely those that result 
from connecting as integral parts of the CP-20/ APGr 17 
computer* power unit the accessories that were developed 
for use separately with the RT-27/APG-^. Inclusion of 
the SA-28/APG altitude- compensation unit has already been 
mentioned. The relays and calibrating controls of the 
RE-17/APG, which permit connection of the SA-28/ APG to 
an *AN/APN^1 altimeter without modification of altimeter 
limit- relay wiring or calibration, are also included in 
the CP- 20/ APG- 17 unit, as is the latching booster relay 
of the C-lilA/APG release- control accessory. One more 
such change is inclusion of the relays and circuits of 
the accessory developed to warn the pilot when release 
will occur in four seconds. This release- warning accessory 
is described in section lb of Chapter VII. and its circuit 
is shown in Fig. VII. -1. 
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A further difference between the design of the AN/APQ-l? 
and that of the AN/APGr^ is of a mechanical nature. Tlie 
cam-operated switch from which square-wave modulating 
voltage is derived is driven in the AN/APG*17 equipment 
by a separate speed- regulated motor rather than by the 
dynamotor. Variations in dynamotor speed in the AN/^PCrU 
caused variations in modulation frequency, but the ac- 
companing variation in sweep width resulted in a constant 
product of sweep width and modulation rate, and therefore 
in constant radar range sensitivity, as described in 
section 4c of Chapter III. and illustrated in Fig III. -13. 
Sweep linearity, however, remains substantially constant 
only if variations in modulation frequency are slight; 
this fact determined the use of a separate constant- speed 
motor for the modulation switch in the AN/APCrl7 equipment. 
Ihe modulating motor and switch are mounted below the 
computer chassis and consequently are not visible in 
Fig. VI.. 23. 

All operating controls are located in the small unit 
shown in Fig. VI. -24, designated C- 2S0/APG- f 7, which is 
connected to the computer-power unit by a single cable. 



Fig. VI. -24. Control unit of 
AN/APG^17 equipnent. 

Ihis control unit contains the main power switch, a ^'ready" 
switch to enable the equipment to release bombs, and the 
range-lead control. It also contains a lamp to indicate 
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the armed or ready condition and one to give warning of 
impending release; both lamps extinguish to indicate 
release. The same calibrating adjustments as used in the 
RT^27/APG-^ and BE^17/APG are included in the €?• 20/ APG- 17 
unit. 


b. Operating Characteristics. Operating procedure 
in using AN/APG--17 equipment is identical to that when 
using AN/APG^^ with the SA^-28/APG automatic altitude 
compensation unit, except that mild evasive action may be 
maintained until release warning is given. With either 
equipment accurate automatic bombing is accomplished 
with the aid of an *A^/APN-1 altimeter or equivalent. 
Table VI. -5 lists pertin^it characteristics of the /N/APGrl7 
equipment. 

TABLE VI.. 5 


Characteristics of AN/APG-17 Bombing Radar 


Transmitter Center Frequency: 

1500 megacycles/sec. 

Power Output at Transmitter: 

1 to 2 watts 

Uaximum Frequency- 

Modulation Sweep Width: 

10 megacycles /sec. 

Modulation Frequency: 

120 cycles/sec. 

Operating Altitudes: 

100 to 400' feet 

Closing-Speed limits: 

100 to 350 knots 

Kange-Lead Control: 

0 to 100 feet 

Pqwer -Source 

Requirements: 

27 volts nominal, 

5.0 amperes d-c. 

Nuirfber of Tubes: 

16 

Total Installed 

Weight, less Inter- 
connecting cables: 

49.5 lbs. 


Transmitter power available in the AN/APCrl7 is approxi- 
mately ten times that of the fH/ fPGrh, but a corresponding 
increase in useful sensitivity is not to be expected. 
Increased losses in radio- frequency transmission lines 
at the higher frequency waste a large fraction of the 
increased trcuismitter output. Since about the same antenna 
directivity is used in both cases^ the effective area of the 
receiving antenna is much less at the short wave length of 
the AN/APG-17 than in the AN/APGr^ equipment. On the 
favorable side at the higher frequency is the increased 
effectiveness as reflectors of flat surfaces and re-entr,ant 
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comers on targets. Experimental results are too sparse 
to peimit highly reliable conclusions, but there is at 
least no definite evidence of superiority of the AN/APGrl7 
over the AN/APG^i on the score of response to weak targets. 
This is in contrast to the limited results obtained with 
AN/APG-‘6{XN) . The freedom of the AN/APG^ 17, like the 
AN/APG-6, from the detector-balance difficulties and in- 
stabilities of the AN/APGfU does represent a striking 
improvement in operating reliability. Limited tests^ have 
shown the advantage to be gained by using more directive 
antennas with the AN/ APG-- 17, as well as the possibility 
of operation at higher altitudes. 

6. Rocket-Firing Equipment AN/apg-17A(XN) 

a. Purpose and Description. It became evident toward 
the end of the war that equipment for blind rocket firing 
would be required. Application of Sniffer principles and 
methods to meet this requirement was therefore undertaken. 
Rocket firing was, in fact, considered so important that 
production of the AN/APG^17 bombing equipment was withheld 
to permit its adaptation to use with rockets. Because 
diving flight at low altitudes under conditions of poor 
visibility is not ordinarily attempted, automatic rocket 
firing was only investigated for the case of level flight. 
Small -caliber service rockets, large-caliber rockets and 
bombs may all be carried by a single aircraft on a single 
mission; each requires rather different apparatus adjust- 
ments. It was intended that the production rocket-firing 
equipment PN/ APGrllA should be made capable of operating 
at will with any one of the three types of missile, merely 
by operation of a selector switch. To expedite develop- 
ment, however, the experimental prototype was only made 
able to choose between two missiles: rockets and bombs. 
The end of the war found this equipment ready for produc- 
tion design; its development was stopped at that stage. 

The rocket- firing system is built into the same two meg or 
units as the AN/APG--17, a transmitter- receiver and a 
computer- power unit. The only external modifications to 
these are, on the computer-power unit, addition of a 
receptacle for connection to the aircraft rocket-firing 
circuits and alteration of the labels for the calibrating 
controls. Modifications within the transmitter- receiver 
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unit, vdiich are the following, are slight. Some elements 
in the modulation wave-shaping circuit have altered values 
to improve sweep linearity. The audio -amplifier input 
transformer is replaced in the AN/ APG- 17A by a three- 
section, m-derived high-pass filter with a strong rejection 
point, to give very rapid yet well damped cut o^ below 
the pass range. The feed-badk network is omitted from the 
first audio stage and an idle triode is put to use as a 
fourth audio- amplifier stage. Otherwise, the transmitter- 
receiver unit is unchanged, so will not be discussed fur- 
ther. Modifications within the computer-power unit are 
extensive. The appearance of the complete system (less 
associated altimeter) is shown in Fig. VI. -25. Normal 
AN/APG-17 antennas, of the type shown in Fig. 111.-4, are 
used without modification. Only the control unit has been 
replaced by an entirely new structure, shown in Fig. VI. -26. 



Fig. VI.- 25* Covplete f-n radar system 
AN/APG-17A for automatic rocket firing. 
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Fig. VI, -26* Control 
unit of W/APG-17A{XN) 
rocket- fi ring radar. 


Internal arrangement of the modified computer- power unit 
is shown from above in Fig. VI. -27, which may be compared 
with Fig. VI. -23. The altitude -compensation servo unit 
again appears at the front center of the photo. To its 
right are now two banks of three double potentiometers 
each, used in adjusting the computer to match the charac- 
teristics of various aircraft and missiles; their graduated 
dials are viewed through holes in the side panel to which 
they are mounted. The tubes of the computer are again at 
the left and center of the photo, while from left to right 
at the rear are the plate- supply dynamo tor, voltage regu- 
lator and power-supply filter, and release and anti-false- 
relea^ relays. A block diagram of the computer-power and 
control units is given in Fig. VI. -28 and a functional cir- 
cuit diagram of them in Fig. VI. -29. As indicated in the 
block diagram, the apparatus may be broken dovn into three 
portions: a set of operating controls and accessories, a 
release computer operated by the radar signal, and a group 
of controls capable of adapting the computer to meet 
various particular condixions of operation. The main 
computer channel differs from that of the AN/APGrU mainly 
in that it includes a symmetrical speed counter (see sec- 
tion 3a of Chapter IV.) and a separate range counter, 
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Fig. VI. -28. Block diagram of computer-power and control units of AN/APG^ 17A(XN} equipment. 
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both supplied with square-wave beat-note signal from a 
comnon single limiter and both working into a cx>mmon cath- 
ode follower. 

Like the AN/APG- 17, the AN/APG-17A includes in the 
computer- power unit the equivalent of accessory units 
SA^28/APG, BE^17/ APG and C^liilA/TPG (see section 3c above), 
the safety switch and indicator lamps of the last being 
placed in the control unit. Unlike the AN/APGrl7 but like 
the C^IUIA/ APG, the AN/APG-17A provides a lamp indicator 
that lights upon release and then is kept lighted by a 
self-latching relay until the system is manually reset. 
Radio silence is maintained until the safety or ready 
switch is thrown by hand to the armed position, and is 
automatically restored by the latching relay immediately 
a release occurs. 

The ready switch in its safe position, beside providing 
radio silence, de-energizes a relay and thereby removes 
power from the release- relay circuits and from the alti- 
tude-compensation servo motor, as well as stopping the 
modulation source. The ready relay also controls follow-up 
connections to the altimeter, so that normal limit-light 
operation is obtained whenever the /N/APG'^17A is not aimed. 
A red ready- warning lamp, powered from the aircraft arma- 
ment circuit selected for use, lights vdien the ready relay 
is actuated. With judicious choice of points of connection 
to the armament circuits, therefore, lifting of this lamp 
indicates not only that the radar equipment is turned on 
and made ready to operate, but also that the aircraft cir- 
cuits for the selected weapon are armed and ready to 
operate. The ready relay also exerts an anti -false- release 
action on the release-relay tube, delaying full arming for 
a sufficient time to prevent false releases caused by 
switching transients. After each release, the release lamp 
must be extinguished and the latching relay opened by 
returning the ready switch manually to its safe position. 

No pilot warning was developed for the rocket-firing 
system, because of the urgent requirement for completed 
equipment. An anti -false- release device with a two- stage 
direct- current amplifier actuating a relay is used instead. 
This lights a target- indicator lamp whenever the received 
signal exceeds a chosen threshold level, and discriminates 
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positively against release by disturbances only slightly 
below that threshold. For most effective operation on small 
targets, the an ti* fai se-release threshold should be set 
for the* prevailing state of the sea surface; a lockable 
threshold adjustment is therefore accessibly located in 
the control unit. Release is only to be expected if both 
the red warning lamp and the green target indicator are 
lit. A two-position we€pon-sel ector switch in the control 
unit completes the operating controls; this actuates 
selector relays which set up the computer for operation 
with either rockets or bombs as required. 

The really important differences between AN/APCnl7 and 
AN/APG^17A lie in the controls provided for the charac- 
teristics of the computer. Four potentiomen ter controls 
and the connections to the aircraft armament circuits are 
provided in duplicate, as indicated by the double boxes 
in the block diagram of Fig. VI. -28. These controls are 
manually preset before flight to adapt the equipment to 
the characteristics of the missiles in use. One set is 
used for bombs and the other for rodkets; because of the 
different characteristics of the two missile types, these 
two sets of four controls are exact duplicates in function 
only. Selection between missile channels is accomplished 
by weapon- selector relays; these relays act only to select 
one of each pair of duplicate elements. Separate control 
of range and speed sensitivities is a characteristic of 
the AN/APGrl7A, Duplicated manual sensitivity controls are 
provided for the balanced counter, for speed only, which 
has already been mentioned. Sensitivity of the separate 
range counter is not varied in operation. 

As in earlier equipment, variation of range sensitivity 
with altitude is required, but in rocket firing the scale 
of this variation must be varied as v/ell, in accordance 
with the choice of missile and aircraft used. Duplicate 
controls for range scale are therefore provided. Tbe 
basic altitude to which range-sensi tivi ty compensation is 
referred must be adjusted according to choice of aircraft 
and missile, and other duplicate controls are provided 
in the altitude follow-up circuit of the servo for adjust- 
ing reference altitude. Improved accuracy of automatic 
altitude oonpensation is attained by use of an oscillating 
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servo of the sort described in section 5c of Chapter IV., 
instead of the on- off- reverse type of servo used in the 
SA^28/APG €uid the AN/APG-17, A very low-frequency glow- 
lamp oscillator is used to force small oscillations of 
the servo motor. 

Cathode- follower voltage in the computer should be 
held constant at release for all operation to provide 
accurate counter action; relay- tube bias is therefore not 
varied. Counter- load return bias must on the other hand 
be quite widely varied, but basic bias need only be ad- 
justed according to choice of aircraft and missile; no 
altitude compensation of basic bias is needed. Duplicate 
bias -adjusting controls are provided, making a total of 
four duplicated controls. Range increments are required 
to compensate for variations in rocket-propellant tempera- 
ture and for observed peculiarities in ballistics of 
particular rocket ammunition, so a lockable manual "bal- 
listic correction" control is provided in the control unit. 
This produces further bias changes which are added to 
those from the basic bias -adjusting controls. In order 
that the range-increment scale of the ball is tic- correct! on 
control may alwavs read correctly, its bi as -increment 
output is compensated in accordance with changes of range 
sensitivity of the radar. One control for this bias- 
increment compensation is ganged with the main radar- 
altitude- compensation control driven by the altitude servo, 
while another control is in duplicate and is ganged with 
the duplicated presettable radar range-scale controls. 
Each of the four set-up controls appearing in duplicate 
is provided with a graduated scale for setting to pre- 
deteimined values. 

As in other equipmaits, calibration is necessary to 
permit reasonable tolerances on components and operating 
conditions. Calibration is somewhat more complicated in 
the case of the AN/APCnl7A than for other systems, because 
of the wider range of conditions to be met. Beside the 
calibration requirements usual in other f-m radar equip- 
ment, correct scale readings of the set-up controls must 
be assured. Voltages applied to the two ends of the 
reference- altitude adjustment and altitude- servo follow-up 
circuit are adjustable, to calibrate the altimeter and 
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servo for correct readings of reference-altitude 
control scales and of the automatic altitude -above- refer- 
ence (A-A^) indication of the compensation unit. Gain of 
the modulation amplifier is adjustable for calibration of 
the range-scale controls to read correctly. Range-counter 
capacitor value is adjustable for calibration to a standard 
range-counter sensitivity. Limiter plate-current swing 
is adjustable for calibration of the speed-sensitivity 
control scales. Bias-divider current is adjustable to 
calibrate the readings of the duplicate bias-control 
scales, at zero ballistic-correction setting. No calibra- 
tion for the ballistic- correction scale is provided, nor 
are means provided for adjusting the shape of the altitude- 
compensation curve. An adjustment is provided for setting 
release voltage to a standard value. Provision is also 
made for balancing the speed -counter capacitors to cancel 
out speed-counter response to range, as well as for bal- 
ancing speed-counter diode biases to maintain zero range 
sensitivity wh«i conn ter- input voltage swing is varied. 

b. Operating Procedure and Characteristics* Operating 
procedure for the AN/APG-17A is generally similar to that 
for the predecessor bombing equipments, but adaptation to 
a variety of missiles necessitates some differences. At 
any time before taking off, the four graduated controls 
of the rocket channel of the computer- power unit must be 
adjusted to the correct readings, as tabulated for the 
rocket and aircraft in use, and the bomb-channel controls 
must be adjusted to settings proper for the class of air- 
craft in use. Before arrival in the target area, it is 
desirable if possible to fly into the wind at operating 
altitude with no target and with armament circuits safe, 
but with the equipment well warmed up and with radar sys- 
tem armed and in full operation. Under these conditions, 
the threshold adjustment on the control unit is set so 
that the target light just remains extinguished in the 
maximum maneuver to be used in the final approach; the 
ready switch is then returned to safe position. This will 
ensure the best operation against small targets that the 
condition of the sea surface permits. Shortly before 
attacking, the effective temperature of the rocket pro- 
pellant should be estimated and the corresponding ballistic 
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correction set on the control unit* The weapon-selector 
switch roust of course be set for the missile chosen. 

For rocket firing, vertical speed or acceleration must 
be carefully avoided by making as long and accurate a level 
approach as is feasible, at or near rated military speed 
of the aircraft. Any desired altitude within the operating 
range of the equipment for the chosen missile may be^^used 
for attack. Upon beginning the approach, with heading 
controlled by any available aiming data, all circuits for 
the chosen missile, as well as the AN/APG- 17A, must be 
armed. Release will then occur automatically. If rockets 
are fired, bombs may then be released in the same run by 
immediately throwing the ready switch to safe position, 
throwing the weapon- selector switch from rocket to bomb 
position, and throwing the ready switch again to its armed 
position. For such dual operation, both rocket and bomb 
circuits of the aircraft will be armed upon beginning the 
attack. The ready switch is always to be returned to safe 
position as soon as possible after a release. 

Directly observable operating characteristics will 
generally be connected with quality of signal. Except for 
the slowest rockets and largest targets, maximum altitude 
for reliable operation is deteE|nined by working range of 
the radar. Useful range will only exceptionally exceed 
2000 yards, and with a poor target or rough sea may be 
under 1000 yards. The quality of signal may be judged by 
behavior of the target -indicator lamp. If this lamp comes 
on well in advance of firing and remains on steadily until 
after firing, accurate results may be expected. If it comes 
on late and flickers on and oflatthe time of firing, the tar- 
get is inadequate and must be attacked at lower altitude. 

Test firing of three different types of rocket has shPwn 
that the methods developed for adapting the equipment to 
operation with a variety of missiles have been successful* 
A moderately large number of radar firings made with one 
particular type of rocket has indicated that the overall 
dispersion in automatic firing with this equipment is not 
significantly greater than the natural ballistic dispersion 
of the rockets themselves. Signal quality during the 
firing tests indicated that decidedly greater transmitter 
power than the one to two watts available would have been 
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c. Adaptation to Ballistic Requirements. Internal 
characteristics of the AN / APG^ 17 A(XN) are controlled by 
the requirement, developed in section 5 of Chapter V., 
that at firing 

- -5/5,= 1 , (VI.5) 

where F is a generally useful altitude-compensation func- 
tion given by 

ij 5(X -■...»») 

865{A -A^ 4i25) 

S, R and A are .slant closing speed, slant range, and level- 
flight altitude at the instant of release (or, more exactly, 
at an instant prior to release by the total time lag of 
the system). Mid-operating speed S^ is a constant which 
is characteristic of the firing aircraft and speed increment 
5 is a constant characteristic of the rocket, while both 
reference altitude A^ and mid- speed release range at 
reference altitude, R^f are characteristic of the combina- 
tion of aircraft and missile. The radar system is arranged 
to close its release relay when 

with k^. feg, and representing as usual range and 

speed sensitivities of radar and counters respectively; 
c is cathode- follower grid voltage for zero range and 
speed and is follower-grid voltage for relay operation. 
Values of these sensitivities and voltages must be chosen 
to make (VI. 2) directly represent (VI. 5). 

In equation (VI.5), the total manually acUustable range 
increment for ballistic correction includes both a 
portion B^ dependent upon departure of propellant tem)era- 
ture from 60 degrees Fahrenheit, and a residual portion 
to compensate for range equivalent of radio- frequencv 
lines and for displacement of antenna location behind 
missile- rack location on the aircraft. It may also include 
an arbitrary correction B^ to meet special tactical re- 
quirem^ts. The sign of the total ballistic correction 
is so chosen that a positive or "long" correction would 
move a point of impact initially on the target to a point 
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beyond the target. This convention, by which an impact 
beyond the tarfret would be considered a positive range 
error, is the opposite of the "range lead" convention of 
earlier f-m radar eauipments but is in agreement with the 
more usual convention of missile range errors. 

System capabilities might have been harmonized with 
operating rec[ui remen ts, as in earlier systems, by using 
constant counter sensitivities in all cases and adjusting 
sweep width and bias to meet all requirements; this would 
have required a moderate range of sweep widths and only a 
single switched counter, sensitive to both range and speed. 
Examination of (VI. 5) will show, however, that range beat- 
note frequency for release at mid speed 5^ (with zero total 
ballistic correction) wDuld in that case vary widely with 
missile characteristic 5^. This would greatly widen the 
required audio- anpli her pass band and make discrimination 
against feed-through signal and short-range sea- return 
signal much more difficult. 

In the AN/ APG~17A, the requirements have been met 
instead by the alternative method of using separate range 
and speed counters and adjusting the speed-counter sensi- 
tivity in accordance with the value of 5 , while retaining 
a constant range-counter sensitivity. iJnder these condi- 
tions, (VI. 5) indicates that release at mid speed (S=S ) 

n 

and with zero total ballistic correction R^ will always 

D 

occur for the same range frequency, independently of 
aircraft, rocket and altitude. This permits a decidedly 
narrower amplifier pass band, sufficient only to allow for 
the moderate departures from mid speed to be expected in 
operation, for necessary ballistic corrections, and for an 
adequate duration of signal to permit transients to die 
out before firing. The price i« that a decidedly wider but 
still acceptable variation in sweep width is required to 
meet all conditions. 

Again, numerical values will serve to illustrate 
magnitudes of various quantities involved in design and 
operation. Design factors, almost all arbitrarily set at 
given values for reasons of convenience, are assembled 
in Table VI.^-6. Insertion of these design values into 
equation (VI. 2) will show immediately the term-by-term 
agreement with (VI. 5) so obtained. Operating conditions, 
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dictated by properties of rockets and aircraft as well as 
by equipment- design factors, are given for a typical case 
in Table VI. -7- The large net counter output at the 
instant of firing rockets is quite characteristic and is in 
marked contrast to the small net output when releasing 
bombs. An accurate counter- load resistor is therefore 
necessary for rocket firing. 

TABLE VI. -6 

Design Characteristics of AN/APG^ 17A(XN) 
Rocket^Firing Radar 


Radar: 


Radio Frequency: 

1500 megacycles per second 

Radar Speed Sensitivity 

3.05 cycles per second per 
foot per second (5. 15 cy- 
cles per second per knot) 

Modulation Frequencv: 

120 cycles per second 

Maximum Permissible 
Modulation Sweep: 

20 megacycles per second 

Useful Range of Modu- 
lation Sweep Width: 

m to 14 megacycles per 
second 

Sweep Width: 

12, 290F/jRo megacycles per 
second (R© feet) 

Radar Range Sensitivity 

6,00F/R^ kilocycles 
per second per* foot. 

Range Beat Frequencv 

at Release at Mid Speed: 

6.00 kilocycles per 
second 

Audio Gain Characteri'st ic: 

Increases decibels per 
octave from 2.6 to 6.8 
kilocycles per second, 
decreases 6 decibels per 
octave above 8.5 kilo- 
cycles, falls off at 105 
decibels per octave from 
2.4 to 1.8 kilocycles. 

Computer: 


Cathode -Fol lower Grid 

Voltage for Release: 

100.0 per cent, or refer- 
ence voltage (1/3 of plate- 
supply voltage) 

Bias Voltage 

to Counter Load: 

28.0=t72S^/S^+72Rj,F/R per 
cent of reference voltage. 

Range Counter 

Sensitivity h^: 

12.0 per cent of reference 
voltage (4.0 percent of 
plate-supply voltage) per 
kilocycle per second 



266 


FREQUENCY MOOaATED RADAR Chap. VI. 


TABLE VI.- 

Overall Ranf^e 

Sensitivity • 

Ran^e Counter Output 

for Release at Mid Speed* 

Speed Counter 
Sensi tivi ty • 


Overall Speed 

Sensitivitv : 

D 8 


(Cont' d) 


72.0F/R per cent of ref- 
erence voltage per foot 

72.0 per cent of refer- 
ence voltage 

14.0/Sj. per cent of ref- 
erence voltage per cycle 
per second 

72.0/Sj. per cent of ref- 
erence voltage per knot. 


TABLE VI.. 7 

Typical Operating Conditions for AN/APG- 17A{XN) 

Medium-Speed Rocket 
Slow Aircraft 


Aircraft Mid Soeed 5 : 
Operating Air-Speed ibinge : 
Wind ana Target Speed Range* 

Rocket Charac- 
teristic Soeed S : 

r 

Reference Altitude A : 
Reference Range 

Propellant Tenpera- 
ture Correction R„ • 

T 

Flight Altitude A : 

Altitude above 
Reference A-A * 

o 

A1 1 i tude-Compen- 
sation Factor F 

Mid-Speed Firing 
Range R^/F: 

Modulation Sweep Width: 

Radar Range Sensitivity: 

Range -Counter Sensitivitv : 

Overall Range Sensitivity: 

Radar Speed Sensitivitv* 

Speed-Counter Sensitivity* 


215 knots 
215±15 knots 
± 40 knots 

750 knots 
70 feet 
2085 feet 

-8 feet per degree 
Fahrenheit above 
60^^ F. 

250 feet 

180 feet 

0. 496 

4220 feet 

2.91 megacycles per second 
1.42 cycles per second 
per foot 

0.012 per cent per 
cycle per second 

0.0171 per cent of refer- 
ence voltage per foot 

5.15 cvcles per 
second per knot 

0.0186 per cent per cycle 
per second 
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Overall Soeed Sensitivity: 

0.096 per cent of ref- 

Bias Voltage to 

Counter Load (Zero 

Ballistic Correction): 

erence voltage per knot. 

48. 6 per cent 

Bal 1 ist ic-Correc- 
tion Bias Increment: 

0.017 per cent per foot 

Range Frequency 

at Point of Firing: 

6000 cycles per second 

Range-Counter Output 
at Firing (at Mid 

Speed, zero 

Ballistic Correction): 

72.0 per cent 

Speed Frequency 
at Mid Speed: 

1107 cycles per second 

Speed -Counter Out- 
put at Mid Speed: 

20. 6 per cent 

Net Colter Output 
at Mid-Speed Firing: 

51 . 4 per cent 

Total Counter Output at 

Firing (Including Bias): 

100.0 per cent of refer- 

Minimum Flight Altitude: 

ence voltage (1/3 of 
plate-supply voltage). 

100 feet 

Maximum Useful Range: 

6000 feet (approx.) 

Maximum Altitude 
(Range Limitation): 

470 feet (approx). 


Factors determining the audio- frequency band to be 
amplified for rocket firing are indicated in Table VI. -8. 
Ihe limiting case of the slowest rocket and aircraft and 
the lowest altitude to be used is the basis of this table; 
other rocket-firing conditions require less audio band. 
Bombing, however, requires extension of the pass band to 
include ideally 2.1 to 13.5 kilocycles. A characteristic 
of the type suggested, as roughly approximated in the 
equipment built, is found to eliminate almost completely 
interference of any reasonable level caused by low-fre- 
quency microphonics, altitude signal, short-range sea re- 
turn, or low-frequency feed-through signal. Whether this 
gain -frequency characteristic results in extra counts from 
fixed error, as does the simple differentiating characteristic 
(see Chapter IV., section 2g) , has not been certainly 
determined. Because the lowest frequency passed to the 
counter in the AN/APCrl7A is many times the radar modula- 
tion frequency, such extra counts can not cause very Aerious 
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error even if present. Allowance can easily be made for 
them if necessary in setting the bias voltage applied to 
the counter load. No net extra count results from counter 
switching in the case of the symmetrical speed counter used. 

TABLE VI. -8 

Factors Determining Audio Characteristic 
for Rocket Firing 

Slow Rocket 
Slow Aircraft 


Minimum Altitude: 

Reference Altitude A : 

o 

Rocket Charac- 
teristic Speed S^: 

Total Closinp-Speed Ran^e: 

Reference Ranfs^e R : 

o 

A1 ti tude-Compen- 
sation Factor F: 

Mid-Speed Firing Range: 

Total Ballistic- 
Correction Range: 

Firing-Range Increment 
from Speed Variations: 

Limits of Firing Range: 

Range Frequency at Mid- 
Speed Firing (Zero 
Ballistic Correction): 

Radar Range Sensitivity: 

Limits of Range 

Frequency at Firing: 

Limits of Speed Frequency: 

Audio Frequency 

Band Needed at Firing: 

Duration of Good Signal 
Needed before Firing: 

Maximum 2- second 
Range Increment; 

Maximum Range-plus 
Speed Frequency; 

Desired Audio Character- 
istic for Rocket Firing: 


100 feet 
72 feet 

550 knots 
215 ± 55 knots 
1715 feet 

0.844 
2030 feet 

± 720 feet (± 240 yards). 

± 205 feet 

1105 to 2955 feet 

6000 cycles per second 

2.96 cycles per second 
per foot 

3265 to 8735 cycles 
per second 

825 to 1390 cycles per 
second 

2440 to 10125 cycles 
per second 

2 seconds 

455 feet 

11470 cycles per second 

Rises 10 decibels per oc- 
tave from 2.4 to 11.5 kilo- 
cycles per second, falls off 
below 2.4 and above 11.5 
kilocycles as rapidly as 
possible without "ringing . 
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The AN/APG-17A, which requires altitude compensation 
of sweep width according to the sirrple analytical expres- 
sion (VI. 6), provides a good example of a useful method 
for shaping the compensation characteristic. Fig. VI. -30 
shows the circuit used, r being a linear rheostat that has 
its rotation, and therefore resistance, made directly 
proportional to altitude above reference A- A , which may 
here be called A , Values of resistance and altitude 
above reference A^^ at a chosen standard Hngle 6? of elec- 
trical rotation, together with the electrical angle 0 of 
its mechanical zero stop, completely define this rheostat. 



CAM DRIVE 


ALTITUDE SERVO 
SHAFT 



The rheostat is shunted by a fixed resistor of value and 
this combination is in series with another fixed resistor 
r . Output to a very high-impedfimce load is taken from a 
variable tap at a fraction x of , which thus serves also 
as an output -volt age divider. 


The total square-wave output-vol tage swing E is 
* +(r,+ ra)r * 


(VI.7) 


In terms of altitude above reference, this is 


r 

a 






A. 


r„ ' /'"ff 


Except for the output-divider ratio x, this expression 


(VI. 8) 

shows 
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the circuit to have exactly the properties required by 
equation (VI. 6) for the altitude- compensation function F. 
By setting the divider ratio x, in terms of reference 
range R^, to a value complete circuit may be 

made to give directly the desired quantity F/R^; this 
divider is the manual range-scale adjustment mentioned 
earlier. 


To meet specific compensation requirements, it is only 
necessary to provide proper resistance ratios. TTiis 
permits a reasonable tolerance on the resistance value 
of rheostat r, which is a primary element in determining 
the accuracy of the entire system, provided fixed resist- 
ances and are made to have values properly related 
to the actual characteristics of r. The altitude servo of 
the AN/APCrl7A{XN) operates over altitudes above reference 
i4-i4^ (or A^) from zero to 600 feet, and is so adjusted 
as to pioduce just 220 degrees of rotation at an altitude 
5(K) feet above reference. Clompensation should therefore 
have the proper form, illustrated in Fig. VI. -31, if 

r /r is made and r /r is made -i] . 

1' 2 20 500 2 ' 220 50 0/ \JFT J 



Fig. VI. -31. General-purpose altitude- 
compensation function. 

Actually, the ratios required for proper curve shape are 
found empirically to be somewhat difTerent from these (1.64 
and 0.292 respectively), probably as a result of finite 
impedances of voltage source and load. Earlier equipments 
had the modulation-generating switch at the grounded end of 
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the compensation circuit, and still greater disturbances 
of the compensation-curve form were then produced by 
a monitoring bleeder resistor shunted across the switch 
(see Fig. VI. -7). This was not finally harmful but did 
complicate design conditions. Resistance r in the alti- 
tude-compensation circuit of the AN/ APG- 17M^) equipment 
includes potentiometers which provide ranges for jR from 
680 to 1020 feet for bombing and from 1530 feet to 3060 
feet for rocket firing. 

Scale reading of the ballistic-correction adjustment 
must be maintained correct, as adjustments of r and of 
tapping point on vary radar range sensitivity. This 
is done by interposing, between the center- tapped poten- 
tiometer which provides incremental bias for ballistic 
correction and the counter- load return lead to which bias 
voltage is supplied, a compensating circuit exactly similar 
to the one (shown in Fig. VI. -30) interposed between the 
modulation source and the modulation wave- shaping circuits. 
Corresponding control elements in the modulation -compen- 
sating and bias-compensating circuits are ganged together 
mechanically, as indicated by dotted-line mechanical 
connections in Fig. VI. -29. values in the range pro- 
vided for rocket firing happen to be just three times those 
provided in the bombing range (as far as the bombing range 
extends). Duplication of the potentiometer in the 
bias-compensating circuit (with the potentiometer range 
in the bomb channel suitably adjusted) therefore permits 
a single graduated scale to be used on the ballistic- 
correction potentiometer. This scale indicates directly 
either range increments between plus and minus 240 yards 
for rockets or plus and minus 240 feet for bombs. 

7. SPEED MEASURING EQUIPMENT AN/SPN- 2{XN- 1) 

For Carrier control of approach (CCA) 

a. Purpose and Requirements. Aircraft landing on 
carrier vessels must hold their air speed within narrow 
limits during approach. Too low an approach speed may 
cause premature stalling, while too high speed may result 
in overshooting the arresters on the (light deck. Serious 
speed error in either direction is likely to result in 
destruction of the aircraft. 
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Under conditions of good visibility, the Landing Sig;nal 
Officer (LSO) of the carrier vessel judges approach speeds 
of aircraft by observation of their fli^t attitude. Hie 
LSO controls approach and landing, by hand signals to the 
aircraft pilot, in accordance with this and other data 
which he obtains by direct visual observation of the air- 
craft. 

Under conditions of poor visibility, control by the 
carrier of the landing approach of aircraft requires an 
integrated system of radio aids; actual landing is still 
controlled by the L50 after he has the aircraft in view. 
In one experimental system for Carrier Control of Approach 
(0G4), altitude information is supplied directly to the 
pilot by the limit lights of his *AN/APN^1 altimeter, range 
and azimuth are supplied to the controller aboard the 
carrier by a special precision pulse radar [>4/V/SRfV-5( AB)] , 
and approach -speed data is supplied to the controller by 
the special AN/SPN-2{XN^ 1) equipment described in this 
section. The approach is directed by the controller, who 
issues orders to the aircraft pilot by radio telephone. 

For f-m radar measurement of range only as in the 
*i4/V/i4R/V-i altimeter, or of both range and speed with range 
predominant as in the AN/APCr 17A rocket-firing equipment, 
it is clearly desirable that range-beat frequency shall 
exceed speed-beat frequency. Speed can be determined 
separately under this condition by a symmetrical switched 
counter, but elimination from the speed data of the large 
range signal then requires critical counter balance.. For 
determination of speed only, independently of range, it is 
clearly desirable that speed-beat frequency shall exceed 
range-beat frequency under all expected conditions of 
operation. Speed may then be reliably determined by a 
simple unswitched counter. 

In the i4/V/5PiV-2 equipment for speed measurement, speed- 
beat frequency is kept above range-beat frequency by 
reducing frequency modulation, and thereby range-beat 
frequency, substantially to zero. This equipment is 
therefore not intentionally an f-m radar at all. It was 
developed, however, by merely reducing the modulation sweep 
width of standard f-m radar apparatus as far as practicable, 
so may properly be discussed here. 
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Radar equipment AN/SPN-2 measures only the speed of the 
aircraft relative to the carrier. This differs from the 
air speed of the aircraft by the air speed of the carrier, 
which is the speed of the wind over the carrier. Correc- 
tion of the radar output for wind over carrier is therefore 
necessary to provide direct indication of air speeds of 
aircraft. Operation is required, on carrier-based aircraft 
at ranges up to one nautical mile, for air speeds of 40 to 
140 knots and for winds over carrier of zero to 40 knots. 
Beside quantitative indication of air speed, a qualitative 
indication of whether that speed is greater or less than 
€ui adjustable pre- assigned value must be provided. 

The fact that a large portion of the echoing area of an 
approaching aircraft is a spinning prppeller leads to 
considerable difficulty in obtaining accurate, stable speed 
indications. Special means are therefore provided in the 
i4/V/S/W-2(A?V-l) equipment to minimize this difficulty. Means 
are also provided to prevent misleading indications in the 
absence of an adequate radar signal. 

b. General Description, The AN/SPN-‘2iXN^ 1) equipment 
uses two weather-proofed, horizontally polarized single- 
dipole antennas with small reflecting "hats", each mounted 
in a 4- foot diameter parabolic main reflector; such antenna 
units are sharply directive. Three major units which, in 
addition to the antennas, compose the speed-measuring 
system are: a transmitter- receiver unit, a computer -power 
unit and an indicator unit. The antennas are mounted, 
pointing aft and well separated, at the stern of the 
carrier vessel and just below the flight deck. The trans- 
mitter-receiver unit is mounted in a waterproof housing 
directly between the antennas, to minimize length of r-f 
transmission lines and consequent losses. 

Transmitter-receiver and computer- power units do not 
differ significantly in appearance from the RT^^ 98/ APGr 17 and 
CP-20/i4PG-17 units of the MyAPC-lZ, bombing equipment, 
shown in Figs. VI. -22 and VI. -23, from \diich they were 
modified. The transmitter-receiver unit is modified only by 
removal of the vibrating-capaci tor modulator and its 
driving circuits, and by alteration of the frequency 
characteristic of the beat-note amplifier. A rigid dia- 
phragm bearing a tuning trimmer capacitor replaces the 
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vibrating modulator in the transmitter. Circuit changes 
in the computer- power unit are extensive. An entirely 
new indicator unit, shown in front and top- rear views 
in Fig. VI. -32, carries all operating controls. Ihis unit 
is designed for mounting in the AN/SPN-3 radar console, 
directly available to the approach controller. 




Fig. VI. -32. Indicator unit of speed- 
measuring equipment /UV/SPN-2 (XN-J). 

The side-band superheterodyne receiver of the AN/APGrl7 
is used intact. Reduction of the side-band filter pass band 
to the minimum required by oscillator drift, by removal of 
transmitter. modulation, makes filter tuning much less criti- 
cal. The beat-note amplifier characteristic is made flat 
from 200 to 700 cycles per second and falls off rapidly at 
lower and higher frequencies. High gain at these low fre- 
quencies makes elimination of microphonics important and so 
requires use of improved tube types for i-f amplifiers and 
second detector. Reduction of frequency modulation of the 
transmitter and amplitude modulation of the local oscilla- 
tor to the lowest attainable levels is of major importance. 
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A block diagram of the computer-power and indicator 
units alone is given in Fig. VI. -33; Fig. VI. -34 is a 
functional circuit diagram of the same two units. The 
main signal channel of the computer- power unit, shown in 
heavy lines at the top left of the latter figure, is com- 
posed of a double limiter and a sharply selective tunable 
filter. A counter and servo system for tuning the filter 
is also shown as included in the computer- power unit; this 
will be discussed later. Beside these elements and the 
usual dynamotor and glow-regul a to r power supply, the 
computer -power unit contains two audio- signal rectifiers, 
for automatic gain control of the intermediate -frequency 
amplifier and for actuation of a "hold-off" or indicator- 
disabling relay when signal strength falls below a chosen 
threshold. Separate rectifiers with different time constants 
are used, to permit rapid action of the hold-off relay 
during short fades without affecting the normal slow action 
of the automatic gain control. 


TRANS- REC UNIT AUDIO AVC 



Fig. VI. -33. Block diagram of speed- measuring 
radar AN/SP^^2 (XN-I ) . 

In the indicator unit, the main-channel signal from 
the selector actuates a single limiter and a single servo- 
balanced null counter like that of Fig. IV. -20. Action 
of the indicator servo is made smooth by operating it in 
a rapidly vibrating condition. Servo vibration is excited 
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by applying the voltage across the servo-motor armature 
to a balanced polarized relay that is used to control the 
direction of motor rotation in accordance with the sense 
of counter unbalance. This feed-back connection is made 
through a series inductor to an auxiliary winding on the 
polarized relay, with such polarity that the system of 
motor and relay is self-oscillatory at a frequency (near 
16 cycles per second) controllable by the value chosen 
for the series inductor. 

Since the null counter and the follow-up poten.tiometer 
are linear, the angular position of the indicator- servo 
shaft with respect to the potentiometer winding is directly 
proportional to the relative speed of the target with 
respect to the radar. Total angular rotation of the servo 
with respect to the fixed speed-indicating dial is made 
proportional to air speed of the aircraft target by manu- 
ally setting the frame and winding of the potentiometer 
to an angular position that is proportional in turn to the 
air speed of the radar, which is the speed of the wind over 
the carrier. The servo-driven pointer therefore directly 
indicates target air speed against the main scale of the 
indicator dial. A movable index shows, against an auxiliary 
wind-oyer-carrier scale, the angular setting of the winding 
of the follow-up potentiometer. Tlie operator makes this 
setting with a "Wind Over Carrier" knob. Friction braking 
of the wind-setting shaft prevents operation of the servo 
from disturbing its settings. Because a wind setting may 
need to be made with the servo stationary at one of its 
limits of travel, and the required setting may not be 
compatible with that servo position, spring relief has to 
be provided in the coupling from wind-over-carrier knob 
to follow-up potentiometer frame to prevent mechanical 
damage. 

An additional potentiometer on the indicator-servo 
shaft, and a shaft extension and mounting space for a 
synchro- transmitter unit as well, are provided to permit 
remote air-speed indication. A remote indicator at the 
CCA controller’s station actuated by the wind-measuring 
system of the carrier vessel is desirable to insure correct 
adljustm^t of the wind-over-carrier control. 

Ihe indicator-servo shaft rotates two cams which actuate 
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switches mounted on a carria^ in turn rotatable manually 
about the servo shaft. An index reading against the main 
air-speed scale of the indicator marks the position to 
which these switches are set. When the indicator air-speed 
reading is within ±2% knots of the switch setting, made 
by the operator with the "Air Speed" knob of the indicator 
unit, a white "Speed Correct" lamp is lighted by the 
switches. At indicated speeds below the preset 5-knot 
range, a red "Speed Too Low" lamp is lifjited, and at speeds 
above that range a green "Speed Too High*' lanp is lighted. 
Sets of limit-indicator lamps may be located wherever 
desired, for example at the station of the LSO, but none 
are provided within the indicator unit. The width of the 
correct-speed light range is easily set by mechanical 
adjustment of the cams on their shaft. Indicator lamps 
are automatically extinguished and the indicator servo 
is stopped by the hold-ofT relay unless an adequate signal 
is received. 

c. Reduction of Propeller Modulation, Modulation of 
the reflection characteristics of the aircraft by motion of 
its propeller distorts violently the wave form of the 
Doppler- frequency heat between transmitted and received 
radar signals. Such distortion represents complex modula- 
tion of both amplitude and frequency of the beat-note 
signal. The modulation frequency is dependent upon speed 
of propeller rotation and number of propeller blades, but 
is usually near 80 cycles per second for aircraft approach- 
ing a carrier landing. Limiter action reduces though it 
does not necessarily eliminate the amplitude modulation, 
which may be extreme, but it does not affect the undesired 
modulation of beat- signal frequency. 

Slow action of the indicator servo averages out varia- 
tions of the Doppler-beat frequency and so reduces unstead- 
iness of indicated speed which results from propeller 
modulation. It is found, however, that the average fre- 
quency indicated tends to be too high in the presence of 
propeller modulation. This is thought to be caused by 
dissyrrmetry of the audio- amplifier gain characteristic with 
respect to the unmodulated Doppler frequency, which is 
usually in the neighborhood of 300 cycles per second. Such 
dissymmetry weights the upper modulation side band more 
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heavily than the lower side band and so may cause high 
readings. The required amplifier characteristic is fixed 
by the need to suppress low-frequency response to micro- 
phonics, sea return, and random noise, while passing all 
desired speed-beat frequencies. 

A sharply selective filter tuned to the unmodulated 
frequency of the desired beat sifsnal will not only reduce 
all modulation side bands but will also render them sym- 
metrical. This should facilitate the proper averaging of 
propeller- modulated speed data, but poses the problem of 
maintaining the filter tuned to the incoming signal. The 
filter used in the computer- power unit of the AN/SPN^2(JW--1) 
system to suppress propeller modulation employs an amplifier 
with selective degenerative feed back. This type of filter, 
using a twin-T feed-back network,^ is used because of the 
ready availability of its components and its ease of 
tuning, even at very low audio frequencies. 

Tuning of the filter is accomplished by a servo motor, 
which drives a follow-up rheostat and three other rheostats 
in the three resistive arms of the twin-T network. The 
filt er reson ates at a frequency which is proportional to 
r^C C^, where r^, r^, C^, and are, respectively, 
the totaf resistance and capacitance values in the parallel 
and series arms of the twin-T network. These resistances 
are each composed of a fixed resistor in series with a 
linear rheostat on the servo shaft, the ratio of fixed to 
tot^l resistance being the same for all resistive arms of 
the network. 

The follow-up circuit is also composed of a fixed resis- 
tor in series with a linear rheostat on the servo shaft, 
again with the same ratio of fixed to total resistance as 
in the feed-back network. With this follow-up circuit 
connected across a constant- voltage supply, the current 
flowing in the circuit and therefore the voltage across 
the fixed resistor is proportional to 1/r, where r is the 
total resistance in circuit. That is, for any setting of 
the tuning-servo shaft, the follow-up voltage produced is 
directly proportional to the frequency to which the filter 
is tuned. Both follow-up voltage and filter frequency vary 
in hyperbolic fashion with servo-shaft rotation, but both 
do 80 in just the same way. This useful result requires 
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equality of the ratios of fixed to total resistance in all 
four circuits adjusted by servo rotation. 

Arrangement of the servo to run so as to balance its 
own follow-up voltage output against a control voltage 
p)ermits automatic tuning of the filter. Ihe tuning-control 
voltage may be supplied either by counter -output current 
flowing in a load resistor and proportional to beat-note 
frequency, or by a manually adjustable source in the 
indicator unit. Since no nega ti ve- vol tage supply is 
available in the system, manual control is made possible 
by arranging the servo to balance with the grid of its 
controlling amplifier at a fixed positive voltage rather 
than at ground potential. Ihe source of follow-up voltage 
is especially compensated against voltage-supply varia- 
tions. Vibration of the tuning servo to insure smooth 
operation is forced by a glow-lamp oscillator. 

Variation of speed of an aircraft in landing approach 
is slow. Filter tuning by the counter-controlled servo 
may therefore be slow also. Slow filter response to changes 
in received-signal frequency prevents the filter from 
locking to and following any momentarily strong side 
frequency, such as may be produced in an occasional inter- 
val of especially intense propeller modulation. The 
tuning servo is stopped by the hold-off relay during periods 
of inadequate signal, and the counter-output smoothing 
capacitors are disconnected at the same time to preserve 
their stored voltage until signal returns and so to prevent 
needless transient operation of the servo after fades. 

Manual control of filter tuning is obtained from a poten- 
tiometer adjusted by the ’*Air Speed" setting knob of the 
indicator unit. The frame and winding of this potenti- 
ometer are turned by the " Vftnd Over Carrier" setting knob. 
Control voltage fed to the tuning servo, and consequently 
the filter frequency, is therefore proportional to speed 
of the aircraft relative to the radar when flying at just 
the preset air speed. 

Hie operating condition is selected by a three -position 
switch on the indicator unit. In the "Off" position, limit 
lights are extinguished but the indicator servo operates 
normally and the tuning servo automatically tunes the 
filter to the incoming signal. In the "Auto" position, the 
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filter is still tuned automatically to the incoming signal 
but the limit lights as well as the indicator dial are 
operative. In the "Preset” position, the limit lights 
operate and the filter is fixedly tuned for the speed at 
which the "Speed Correct’* lamp has been preset to light. 

d. Operating Characteristics. Except for setting in 
the value of wind over the carrier necessary to convert 
measured relative speed to air speed, the equipment is 
fully automatic in operation. Once turned on, the equip- 
ment indicates target air speed directly whenever a signal 
sufficient for good operation is received. In the "Auto” 
or "Preset” condition, absence of limit-light operation 
denotes lack of an adequate target; speed indications then 
observed are to be disregarded. Some characteristics of 
the A/V/5RV-2( AA^-i) system are given in Table VI. -9. 

TABLE VI. -9 

Characteristics of AN/SPI^^2 1) 
Speed-Measuring Sys tern 

1500 megacycles i>er second 
1.5 watts 

5 amperes direct current 
at 26 volts (nominal) 

22® in azimuth, each 
antenna; 16® in ele- 
vation, each antenna 

5.15 cycles per second 
per knot 

40 to 140 knots 

0 to 40 knots 

1 nautical mile 

flat (± 1 db. ) 200 to oOO 
cycles oer second; falls 
30 db. per octave below 
200 cps.; falls 11 db. per 
octave above 1000 cps. 

bO cycles/sec. wide at 
3 db. down 

Tests over land and water have indicated a maximum 
range of two and a half miles on carrier-based types of 
aircraft^ as a result of the large directive power gain 
of the antennas used. This ensures sufficient signal at 


Radio Frequency: 
Transmitter Power: 

Power Input: 

Total Beam Width 
of Antenna between 
Hal f-Ampl i tude Points: 

Speed Sensitivity: 

Air Speed: 

Wind Over Carrier: 

Maxinum Range on 

Carrier-Based Aircraft: 

Amplifier Characteristic: 


Filter Characteristic: 



282 


FBEQUEl^CY MODULATED RADAR Chap. VI. 

the one-mile maximum range for which the equipment was 
designed. Overall accuracy tests with a shore installation, 
while not conclusive, have indicated accuracy to be within 
one knot in the region of 90 knots. 

Discrepancies of the order of 4 to 15 per cent have 
been found between >W/5P/V-2 speed measurements and the 
aircraft's true air speed as derived from indications of 
dynamic air-pressure increment. Where such discrepancies 
appeared, the aircraft’s air-speed indicator was checked 
by timed flight over a measured course and was found invar- 
iably to be in error. In all cases the error was in the 
direction to cause the aircraft to be travelling at a 
higher speed than indicated. No significant errors in 
i4/V/SPyV- 2 indications were found. 

Ship- board tests made with preliminary equipment indi- 
cated the need of means for minimizing propeller-modulation 
difficulties, as described above and incorporated in the 
final equipment. Ship-board tests of the final equipment 
have shown these measures to be effective, the equipment 
giving steady and accurate speed indications despite 
propeller motion. The ship-board tests also showed the 
advantage gained because aircraft are only taken aboard 
with the carrier headed into the wind. This advantage 
comes from the fact that sea return from the windward side 
of waves is much less than that from their lee side; the 
radar pointed astern sees only the windward side of the 
waves when aircraft are landing. Since the speed of the 
waves relative to the radar can produce Doppler frequency 
shifts up to perhaps 150 cycles, strong sea return might 
cause considerable difficulty* It is therefore important 
that amplifier gain should fall off as rapidly as possible 
below the minimum desired Doppler frequency from aircraft. 

It has been apparent from all tests that elimination of 
frequoicy modulation makes radar equipment much less criti- 
cal as to its surroundings. In fact, the unmodulated 
equipment can be operated successfully when installed in 
locations that would be quite impossible for frequency- 
modulated radar because of strong range-beat signals from 
nearby objects. 

Continuous-wave Doppler-shift speed measurement is of 
particular interest because of the extreme sensitivity and 
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accuracy theoretically attainable. Radio frequency can be 
determined and maintained to practically any absolute 
accuracy desired. Velocity of propap^ation is known very 
accurately and is constant to a high degree. Beat fre- 
quency can be measured very accurately if desired. iTie 
only serious limitation seems to be in the definiteness of 
the speed to be measured itself. Rapid measurements to 
high accuracy recruire the use of the highest practicable 
radio freouencies, in order to obtain high beat frequencies. 

8. Notaticn and References 

a. Notation. The algebraic notation listed alpha- 
betically below has been used in this chapter. 

A Altitude of aircraft above terrain. 

A Reference value of altitude, 

o 

A^ Altitude above reference value. 

^10 Altitude above reference for shaft angle <9. 

C Circuit capacitance (usually with identifying 
subscript) . 

€ Voltage output of circuit. 

Bias voltage applied to counter load. 

€ Total counter -outpu t voltage at which a relay 
^ operates. 

e Comparator- circuit voltage using rightward-point- 

^ ing antenna. 

e Comparator-circuit voltage using lef tward-point- 

ing antenna. 

E Modulating- volt age amplitude. 

E^ Supply voltage. 

Frequency of antenna switching. 

F General al tit ude- compensation function. 

h ,h Counter sensitivities to range and speed beat 
^ ^ frequencies. 

i Circuit current. 

k^,k^ Range and speed sensitivities of radar. 

r Circuit resistance (usually with identifying sub- 
script) . 

Rheostat resistance at shaft position 6, 

R Range or distance between radar and target. 

R^ Reference value of range. 

R^ Range lead or increment for special purposes. 
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Total ballistic-correction increment to range. 

R^ Range equivalent of r-f transmission lines. 

Range increment for departure of rocket -propellant 
temperature from reference value. 

.S Relative speed of approach of radar and target. 

S Intercept of linear range-speed relation on speed 

axis. 

Mid-range operating speed of aircraft. 

Speed characteristic of rocket. 

Sw Switch. 

Slope of linear range-speed relation at releose. 

V Vacuum tube (with identifying subscript). 

If Width of frequency band swept in modulation. 

X Fractional position of voltage-divider top. 

9 Angular position (electrical) of rheostat arm. 

6^ Ellectrical rheostat position at mechanical stop. 
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ACCESSORY CilRCUITS AND METHODS 
OF CALIBRATION 

1. Release- Warning accessory 

a. General* Automatic bomb-release equipment, of the 
Sniffer type described in the preceding chapter, makes the 
operations required of the pilot in low-altitude level - 
(light bombing very simple. It does not aid him in judging 
the stage to ^ich his approach has progressed, however. 
An accessory to provide warning of impending bomb release^ 
is therefore very useful, since it enables the pilot to 
continue moderate evasive action to the latest possible 
stage of his approach and to plan an expeditious with- 
drawal . 

Two types of warning circuit have been developed. Oie 
of these gives a warning signal at a definite time interval 
before release, while the other warns at a definite distance 
before release. Either type requires only the addition of 
two relays and no tubes to the norma] equipment. Both 
operate by changing the release calibration of the system, 
so that the normal release action of the Sniffer takes place 
twite in succession, once under calibration for actual 
release. Only the second Sniffer release is permitted to 
reach the bombing circuits of the aircraft. 

Either type of circuit, whether time or distance, 
provides a warning interval that is compensated for alti- 
tude, for closing speed, and if desired for range-lead 
setting. The aircraft must of course be flown within normal 
Sniffer altitude and speed limits, both at warning and 
at release. No vertical velocity is permitted the air- 
craft at release, but this restriction is not important 
for the warning operation. Any increase in altitude 
occurring between warning and release will shorten the 
warning interval, while a decrease in altitude will length- 
en it with either circuit. Warning of course need not 
be a precision operation. 
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b. Time Warning. The basic range-speed-a] titude 
relation by which a relay can be actuated at a definite tinie 
interval before an aircraft, in level flight and bearing 
an f-m radar, passes over its surface target (see section 
3a of Chapter V.) is easily set up for any time interval 
desired. An interval greater by any definite amount than 
the time of fall of a bomb from the altitude of flight can 
be produced by suitable choice of frequency-modulation 
sweep width and of bias applied to the release-relay 
amplifier. 

Upon actuation of the Sniffer release relay at the time 
chosen, during approach to a target, a warning lamp may be 
lighted and a second relay may be actuated and latched in, 
Ihis second relay alters the sweep to the increased value 
required for later release of a bomb to strike the target, 
changes the release- tube bias to the normal value for 
bombing, and connects still a third relay to be actuated 
and latched by reopening of the Sniffer relay. Increased 
sweep then causes the Sniffer counter output to rise and 
the release relay to reopen, actuating the third relay. 
The third relay thereupon reconnects the release relay so 
as to operate the bomb-release mechanism, through a self- 
latching booster relay if desired, when next actuated. 
When the target range finally decreases to the proper bomb- 
ing value for the altitude and speed used, normal bomb 
release occurs. All relays must be reset manually after 
release. 

A pilot-warning accessory for the standard AN/APG-U and 
SA-28/APG combination may be built as a separate, self- 
contained small unit, replacing the usual C-IUIA/APG con- 
trol unit. The circuit of such a unit, as arranged to 
provide a four-second warning, is shown in Fig. VII. -1 in 
proper relation to the SA^28/APG and the main Sniffer unit. 
Sweep width is suitably altered by changing both the fixed 
shunt on the servo-driven altitude-compensating linear 
rheostat in the modulating circuit and the fixed series 
resistor across a part of which modulation output from 
that circuit appears. The change in bias to allow for 
warning calibration of speed intercept and residual range 
is approximated sufficiently well by a fixed voltage change. 
Compensaticm for range lead is simple but requires extra 
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connections to the circuits of the SA-28/APG, so is not 
included in Fig. VII. -1. The warning circuit used in the 
AN/APG--17, with its interna] SA-28/APG unit, iiicludes com- 
pensation of warning for range lead. 



The ready or arming switch and the latching relay of the 
C--141A/APG are retained in the warning unit shown, as are 
the ready and release indicator lights. Only the warning 
and arming relays and a warning light, as well as three 
fixed resistors, are added. If the connection shown dotted 
in the figure is nade, it will pre-actuate the warning 
circuits and so permit normal Sniffer bomb-release oj)eration 
without previous warning. A warning and release* control 
unit will require connection to the altitude -compensation 
unit and to the corresponding circuits of the Sniffer, as 
well as to the release circuits of the Snifter and to the 
bombing circuits of the aircraft. The complete warning 
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circuit of Fig. VII. -1 is included within the normal com- 
puter unit of the AN/APG-17 equipment, where it operates 
as here described except for its additional feature of 
range-lead compensation. 

c. Range Warning. As has been noted in connection 
with residual range and range lead, altering the bias 
voltage applied to the relay- tube grid of an AN/APG-U by 
an amount proportional to the range sensitivity of the 
system will change range at release by a constant incre- 
ment, independently of speed and altitude. This makes 
possible a warning signal operating at a range greater 
than release range by a fixed amount. Operation on this 
basis involves beginning the approach with a bias value 
suitable for the desired warning distance from the release 
point, switching automatically to the bombing bias and to 
the bombing circuits as warning is given at that distance, 
and finally releasing the bomb normally at the proper range. 

A voltage proportional to radar range sensitivity is 
available in the form of the modul a tion- frequency square- 
wave output of the altitude-compensation unit. To use 
this voltage as a release-bias increment for warning, two 
things must be done: filtering must be removed from the 
re lay- tube input so that the square-wave peaks can operate 
the release relay, and counter output must be reduced so 
that the bias thus obtained will represent a sufficient 
range increment. The capacitor used for relay- tube input 
filtering in normal bombing provides a convenient means for 
coupling in the square -wave bias increment used to shift 
calibration to the warning condition; the square-wave 
voltage is thus simply added to the normal steady bias, 
heduction of the plate voltage supplied to the limiter and 
to the bias-divider chain provides the needed reduction in 
counter sensitivity. Protection against false release due 
to transients immediately after warning is obtainable 
by applying intentionally a strong positive transient 
of adequate duration to the relay amplifier, in the pro- 
cess of changing from warning calibration to bombing 
calibration. 

Fig. VII. -2 shows a circuit for warning at a range 
1200 feet greater than that for release. Because the 
relay- tube filter capacitor is not accessible externally. 



Sec. 1 ACCESSCmiES AND CALIBRATION METHODS 


289 



a sel f •contained separate accessory unit for range warning 
is not feasible, and the circuits of the figure must be 
incorporated into the regular Sniffer computer. Tlie latch- 
ing booster relay for bomb release may be in the external 
C^lUiA/APG unit, as shown. 

d. Comparison of Warning Methods. Warning circuits 
of both fixed-time-interval and fixed-range-interval types 
have been fully developed and tested in trial bombing 
flights* Both operate as expected. Botii reduce the vulner- 
able straight and level portion of the approach to the 
distance travelled between warning and release. It is 
possible to interpret either type of warning as a time 
interval; if the range interval is fixed by the circuit, 
the equivalent time interval will depend upon the speed 
of the aircraft. It is alternatively possible to interpret 
either type of warning as a range interval; if the time 
interval is fixed by the circuit, the equivalent range 
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interval will depend upon the speed of the aircraft. In 
either case, no serious confusion is likely to result, 
since a pilot engaged in military operations will habit- 
ually fly a single type of aircraft having only a narrow 
range of operating speeds. There is therefore little to 
choose between the two methods as regards convenience 
in use. 

The warning sequence must always operate before release 
can occur. Its use may therefore ahect the reliability 
of the equipment, particularly in the case of small tar- 
gets. he lease can only occur on targets large enough to 
have previously actuated the warning. In the fixed-range 
type of warning, radar range sensitivity does not change 
and audio frequencies at warning are much greater than at 
release. The sweep-width reduction made in giving the 
fixed-time type of warning, on the other hand, is just 
right to oppose the increase of range and produce an audio 
frequency at warning approxiinately equal to that present 
at release. 

Range warning must take place at frequencies which are 
usually above the response peak of the audio amplifier, so 
a stronger target than is necessary for accurate release 
is usually required for correct warning. On a target which 
is of approximately the marginal size for normal release, 
warning will not occur until range has fallen to the value 
giving an audio signal at the peak-response frequency of 
the amplifier. Release will then take place normal 1 y .but 
the warning interval will have been too short. Still 
smaller targets will not operate the warning, but would 
not give accurate Snifler releases without the warning 
circuits either. 

Time warning requires consideration of two cases. If 
the marginal target is fixed by spurious radar reflections, 
such as altitude signal and sea return, the decreased sweep 
for warning will reduce the frequencies of these spurious 
signals, llie sloping amplifier characteristic will there- 
fore reduce the spurious-signal level, and indeed by 
approximately the same amount as increased target distance 
reduces the desired -signal level. Size of the marginal 
target will therefore not be affected in this case by 
use of the warning circuit. If the marginal target for 
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accurate release is fixed by thermal or other noise not 
affected by sweep width, the fact that target range at 
warning may be as great as times the range at release 
will require a target up to 25 decibels more effective to 
give fully accurate warning. The target must be in this 
case at least 10 decibels more effective when the warning 
circuit is used, or warning and subsequent release will 
fail entirely to occur. 

2 . ANTI- FADING ACTESSORY 

a. Conditions to be A/ct. Brief fading of the radar 
signal at or near the time of release, when bombing with 
Sniffer equipment, can cause serious error in bomb impact. 
An accessory to offset the ill effects of fading®»®»* should 
therefore be capable of improving overall bombing accuracy. 
At the beginning of a normal approach, vol tage at the grid 
of the cathode follower which linearizes the counters of 
the AN/APG^^ has a saturated high value, corresponding to 
counter loading by onset of grid current in the cathode- 
follower tube. During the approach, this voltage decreases 
steadily with decreasing range, at a rate which depends 
upon altitude and speed of approach. When the follower- 
grid voltage reaches the threshold set by the voltage 
applied to the relay-tube grid, release occurs. Fading 
of signal disturbs the steady decrease of cathode voltage 
and so introduces errors in release. A ’’memory” device 
which preserves the steady vol tage variation during fades 
will prevent such release errors. 

Two different sorts of fading error can occur. One sort 
results from strong thermal noise or high-frequency noise 
due to loose-contact modulation of tVe feed-through field 
around the aircraft. Lack of signal in a "noisy" system 
will «*esult in high follower-grid voltage, caused by 
counting of the high-frequency noise components, which 
are emphasized by the high -peaked audio-amplifier charac- 
teristic. This effect of random noise was in fact relied 
upon during early Sniffer tests to prevent release if the 
equipment were armed without the presence of a target. 
Fading in this case results in a rapid rise of follower- 
grid voltage during the fade, followed by decrease to 
normal voltage after the signal returns. A fade at or just 
before release with a noisy system delays the decrease to 
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threshold voltage and so causes a late release and botnb 
inpact beyond the target. A rapid succession of fades may 
prevent release altogether. 

The other sort of fading error occurs in "quiet" systems 
having especially low random noise. Residual signal in 
the absence of a target is then ol low frequency and is 
due to short-range sea return, altitude signal or, in the 
AN/APG-'U, imperfect detector balance. Follower-grid volt- 
age in the absence of target signal will in such systems 
be at a minimum, set by counter biases, which is below the 
threshold for release. During a fade, the follower-grid 
voltage will fall below the value it would have with signal 
present, increasing to a normal value quickly after the 
return of signal following the fade. A fade at or near 
release with a quiet system will therefore cause the 
cathode follower to reach release-threshold voltage too 
soon and the bomb to fall short of the target. 


SATURATION 

LIMIT 



Fig. VII. -3. Effect of fading on counter output. 

Fig. VII. -3 shows the variation of follower-grid vcfltage 
with time during approach, the full -line curves A and B 
representing normal operation with strong, steady signals. 
Rapid decrease of voltage is characteristic of approaches 
at high speed or low altitude, while slow decrease is 
characteristic of low speed or high altitude. Release 
occurs when the threshold voltage is crossed. Dashed 
curve C represents the effect of a brief fade just before 
release, during a fast approach made with a noisy system. 
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A late release during the return to normal voltage after 
the fade is marked by the cross on dashed curve C. Dashed 
curve D represents the effect of a similar fade during a 
slow approach with a quiet system. The resulting pre- 
mature release is marked by the cross on dashed curve D. 

Use of a noise-integrating double limiter (Chapter IV., 
section 2f) tends to make systems behave in quiet fashion, 
thus emphasizing low-frequency disturbances, preventing 
the voltage rise of dashed curve C on fading, and favoring 
false or premature release. The anti-lal se-release cir- 
cuit of tiie AN/APG-^ disables the negative counter during 
fades and so prevents the voltage fall of dashed curve D; 
indeed, it substitutes a rise like that of C. Premature 
releases are avoided by this anti-f al se-rel ease action, 
but severe fading may cause late release and poor accuracy. 

Accuracy may be restored artifically despite fading if 
two conditions are met. First, the counters must be posi- 
tively prevented from transferring charge to their output- 
filtering capacitor (C^ in the figures of Chapter IV., C1U9B 
in the AN/APCrU circuit of Fig. VI. -7) unless a good signal 
is available. Second, the charge already on this capacitor 
must be allowed to leak off during fades as a "memory" dis- 
charge at the proper rate to duplicate the fall of output 
voltage found in normal operation. Duplication during 
each fade of the actual rate of voltage fall present at 
its beginning is possible but rather complicated; it is 
much easier to provide a fixed rate of uniform memory 
discharge that is representative of normal operating 
conditions. Dotted curves C and D of Fig. VII. -3 show 
voltage variation in fast and slow approaches during a 
brief fade, with memory discharge at a single fixed rate 
of average value. The great reduction in disturbance of 
normal discharge which results is clearly evident by 
comparison with the dashed curves. Since counting is 
suspended, the dotted curves do not depend at all upon 
the noisy or quiet condition of the radar system. 

Over the normal altitude and speed range of A/V/APG-4 
equipment, actual rate of voltage fall in approach varies 
from 6 to 43 volts per second. It is therefore difficult 
to pick a single typical rate, but the short duration of 
fades at high speeds suggests the greater importance of 



294 FREQUENCY MWULATED RADAR Chap. VII, 

the lower rates. Since any fixed memory-discharge rate can 
only be a crude approximation over any significant range 
of operating conditions, it is evident that the follower- 
grid voltage can become seriously incorrect during a long 
fade. The fixed-rate discharge therefore provides only a 
short-time memory, and must be prevented from causing 
markedly inaccurate release during a prolonged loss of 
signal . 

b. Functions of Circuits . The set of operations 
required of an anti -fading memory accessory now becomes 
evident. When signal is definitely absent, the accessory 
must definitely maintain a disarmed condition to prevent 
bomb release. When a usable signal first appears, the 
accessory must imniediately arm the system and place it in 
condition for a normal approach. Whenever signal fades 
even momentarily to less than usable level, the accessory 
must disable both counters, initiate memory discharge of 
the counter -output capacitor, and initiate timing of the 
fade. If usable signal returns soon enough, the accessory 
must terminate memory discharge, reinstate normal counter 
operation, and reset to zero the fade timer. If signal 
has not returned by the time that maximum tolerable error 
may have accunrwl ated, the fade timer must disarm the system 
and prepare it to start operation afresh when good signal 
is again received. Equipment capable of performing these 
functions is easily arranged to provide also a definite 
indication of the presence of adequate signal. 

Fig. VII. -4 shows a circuit developed for use as an 
anti-fading accessory. Elements normally present in the 
AN/APG^i bear the same reference numbers as are shown in 
Fig. VI. -7 for that equipment. Elements external to the 
normal AN/APG-^ represent the controls and memory of the 
anti-fading circuit proper; they include as well the func- 
tions of automatic gain control and prevention of false 
release, so replace the elements normally used for these 
purposes, and make them available for use in the accessor^* 
Three triode tubes and two relays are evidently required in 
addition to the normal Snifier elements. Any single relay 
with a sufficient number of contacts to perform all required 
operations exhibits a difference between the current at 
which it closes and the current at which it opens that is 
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intolerably large for this use. Two relays are therefore 
used in cascade, the first having simple contacts and small 
hysteresis. 


Audio-ampl ifier output is fed, through a suitable capac- 
itance-compensated voltage divider to avoid overload, to 
triode which is biased to cut ofl and operates as a 
class-B amplifier with large output. is a biased half- 
wave rectifier operated by the output of V^; it provides a 
large, negative direct-current control voltage with magni- 
tude determined by level of radar-beat signal above a 
threshold set by potentiometer r^. A portion of this con- 
trol signal is filtered by and and is used for auto- 
matic amplifier-gain control, actuated by excess of audio 
signal over the threshold set. The conplete control signal 
is filtered by and C^ and applied to relay-actuating tube 
V^; control -signal level for relay actuation is set by po- 
tentiometer By proper choice of the relative values of 
control -vol tage cotrponents across and r^, and of their 
associated time constants, relay-operating threshold in 
fades can be made practically independent of the signal 
level preceding a> fade-out or fade-in. This independence 
of a-g-c action is important for satisfactory operation. 
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M/hen adequate operating signal is present, the relays 
are open as shovm and Sniffer operation is entirely unaf- 
fected by the presence of the anti-fading equipment* The 
disarming or anti-fa Ise-release tube grid is then held at 
substantially zero voltage, and a target-indicating lamp 
is lighted. When the signal fades below the chosen thresh- 
old level, the relays close immediately. The counters are 
then disabled by grounding the screen of the limiter tube, 
the target indicator is extinguished, and a constant- 
current memory discharge of Clk9B through triode V ^ is 
initiated. Vol tage on the grid of fade-timing and disarming 
tube y ^ begins to rise at a rate determined by and C^. 
If signal returns soon enough, the relays open immediately 
and fully normal Sniffer operation is restored, the counters 
correcting very rapidly any small error in voltage on 
Ci49B and cathode-follower grid caused by inappropriateness 
of the fixed memory -discharge rate. If the fade continues 
long enough, the voltage on the grid of will exceed that 
on C149B. will then act as a cathode follower; its 
cathode current will overcome the memory discharge and 
raise the voltage on Cli9B, thus disarming the system and 
thereafter maintaining it disarmed so long as the relays 
remain closed. 

The plate of grounded-grid discharge tube is at the 
grid voltage of the cathode follower and its cathode is 
tapped onto the cathode-fol lower load resistor. Plate- 
cathode and grid-cathode voltages on therefore have 
opposite signs and proportional magnitudes. If the grid/ 
plate voltage ratio on this tube is approximately equal 
to its amplification factor, plate current becomes sub- 
stantially independent of applied voltage. The value of 
the constant plate current used for memory discharge can 
be adjusted within limits by changing the grid/plate 
vol tage ratio on , determined by the tapping point on 
the follower load set by the value of r^* Memory-discharge 
current is of the order of two microamperes. 

c* Operation* Evaluatim of the operation of a device 
to reduce bombing errors caused by fading is difficult, 
since it is only operative in border-line cases and a con- 
siderable degree of randomness then exists. With good 
signals, the device does not act; with really poor signals. 
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accurate releases cannot be obtained in any case. When 
release is made with memory in a border-Jine case, it is 
not possible to determine what would have happened on that 
particular release without memory action, heal informa- 
tion can only be obtained by statistical analysis of very 
many border-line releases, some made with and some without 
memory action. 

Because of these difficulties, the limited number of 
test bombs dropped by an AN/APG-^ system with an anti- 
fading attachment has been insufficient to permit a definite 
evaluation of the usefulness of memory action, \\ost of 
the test drops were made using a cruder device®’ ® than the 
final anti-fading accessory described abovet This did 
not have a constant-current memory discharge but only a 
resistive leak, nor was its relay-action threshold com- 
pensated against disturbance by operation of the automatic 
gain control; the disarming action was also produced in 
a less satisfactory way. 

Even under these circumstances, it seemed evident in the 
tests made that bombing accuracy was improved by memory 
action in a number of instances. This was true especially 
at higher altitudes, where fading was often rather severe 
in the region of release range. There was also some 
indication that conditions occasionally arise in which a 
fading sequence interacts with the operating sequence of 
the anti- fading device to decrease bombing accuracy. 
h6l ay-action threshold must be set to require a signal 
good enough for accurate release, if memory is to operate 
to best advantage; weak targets which might sometimes give 
a fortuitously accurate release by the Sniffer alone are 
therefore barred from arming the system at all when the 
anti -fading accessory is used. Several of the conditions 
that the anti -fading device was developed to alleviate are 
adequately handled by the combination of double limiter 
and anti-fa] se-rel ease circuit, which was added to the 
standard Snifter while work on the anti-fading accessory 
was in progress. 

Very positive indications were found in the flight tests 
that a decidedly sharp and carefully set threshold of relay 
action is essentia] to make good use of an anti-fading 
device. This is so because the margin between a threshold 
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level at which too many targets fail to arm the system 
and a lower level at which excessive inaccuracy is pro- 
duced by various disturbances is surprisingly narrow. The 
tests of the cruder device also indicated the importance 
of making the improvements incorporated in the relatively 
untried version here described.^ This improved form of 
the accessory is incorporated in the AN/APG-6(XN) azimuth- 
controlling bombing equipment. Values for its circuit 
constants may be found in Fig. VI. -14, the schematic cir- 
cuit of that equipment. 

3. RANGE CALIBRATION 

a. Variable ^Frequency Beat Method, It has been men- 
tioned repeatedly in discussing various f-m radar systems 
that empirical calibration is necessary to reduce errors 
resulting from accumulation of normal tolerances on cir- 
cuit-component values and operating conditions. This 
applies particularly to radar range sensitivity as 
determined by the modulation used. The fact that the 
average over the modulation cycle of the range-beat fre- 
quency depends only on the modulation frequency and the 
total width of the radio-frequency band swept in modula- 
tion, and not on the details of the modulation wave form, 
has already been pointed out in section 4i of Chapter II. 
This fact suggests one basic method of range calibration, 
in which the limits reached by the transmitted radio fre- 
quency are measured and the resulting range sensitivity of 
the radar is calculated. 

The following method of calibration by measurement of 
band swept is quite convenient to use. Radar- transmit ter 
output should be fed to a matching load resistor or to a 
transmission line and antenna of the type standard for 
the system under test, to insure norma] oscillation and 
modulation. Receiver input should be connected to the 
output of an unmodulated standard-signal generator and 
receiver output (from the beat-note amplifier) viewed on a 
cathode -ray oscilloscope with time-base sweep synchronized 
by the radar modulation. There will be no beat-note 
amplifier output except at the instants when the modulated 
radar-transmitter frequency sweeps through the single 
frequency produced by the signal generator. At such 
instants the amplifier will pass momentarily the beats 
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between the standard signal and the mixing signal fed 
internally from radar transmitter to receiver. These 
isolated beats appear as sharp spikes or ”pips” on the 
oscilloscope trace. 

Two pips appear, one during the frequency upsweep and 
one during the downsweep of the radar modulation, so long 
as the signal generator is tuned to some frequency within 
the band swept. As the generator is tuned toward either 
limit of the sweep, these pips nay be sren to approach one 
another on the oscilloscope, finally merging into one and 
disappearing as the generator is tuned out of the swept 
band altogether, headings are made of the signal -generator 
frequency when tuned so that the single coalescent pip 
just appears respectively at the two ends of the modulation 
sweep, and the sweep width is given by the difference of 
these two readings. Accuracy attainable by this method 
is limited by two factors: difficulty in judging the stage 
of the coalescence and disappearance at which the test- 
signal frequency just coincides with the frequency limit 
of the sweep, and inaccuracy inherent in measuring sweep 
width as a small difference between two large radio fre- 
quencies. Tbe latter procedure magnifies the effect of any 
minute errors made in determining the radio frequencies 
themselves. 

Reading a scale of radio frequencies to extreme accuracy 
may be avoided by the use of a sinusoidally amplitude- 
modulated test signal in the arrangement already described. 
Separate pips will then be visible for the beats between 
the sweeping radar signal and, respectively, the carrier 
and side -frequency components of the modulated test signal . 
Adjustment of both carrier and modulation frequencies of 
the test signal may be made so as to place the carrier 
pip at one end and one side-frequency pip at the other 
end, or alternatively to place the two side-f requency 
pips at the two ends, of the radar sweep. The radar sweep 
width is then, respectively, equal to or twice the test- 
signal modulation frequency. This eliminates the small - 
difference magnification of signal -generator errors. 

Given an accurately calibrated audio- frequency oscilla- 
tor, there is of course no difficulty in determining the 
radar modulation frequency. This may then be used with 
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the measured sweep width in calculating the radar range 
sensitivity in beat-note cycles per foot of range 
[see equation (II. 22b)]. The difficulty of accurately 
judging the end points of the sweep still remains a limi- 
tation, however. The variable-frequency beat method of 
calibration is fully applicable only to calibration of 
radar systems in which continuously averaging devices 
are used to measure range-beat frequency. Other beat- 
frequency measuring devices may give readings affected 
by details of the frequency-modulation wave form. 

b. Time^Delay Method* A very direct method of cali- 
bration results from connecting between radar transmitter 
output and receiver input a circuit which transmits signals 
at all frequencies involved with a single definitely known 
time delay, and with a suitable and fairly constant attenu- 
ation of amplitude. This method in its most direct and 
least convenient form requires that transmitter and re- 
ceiver each be connected through a line of known electrical 
length to a highly directive and properly matched antenna 
system. At least one well isolated radar target of very 
large effective echoing area must be located at a suitable 
and accurately known range from these antennas, in their 
common direction of maximum signal . Such a method has 
been used, for lack of available alternatives, in setting 
up the experimental AN/APG~17A(XN) equipments. Its only 
drawback is the practical difficulty likely to be encoun- 
tered in providing sufficiently large and well isolated 
radar targets at desired ranges, but this disadvantage 
is a very serious one. 

Next in order of directness is the method using a 
section of ordinary non-selective radio-frequency trans- 
mission line, of suitable and accurately known electrical 
length and suitable attenuation, connected between radar 
transmitter output and receiver input. Inclusion of a 
variable attenuator circuit in such a transmission path 
is often advisable. Since these trans mission -del ay methods 
produce a completely normal radar signal, they may be used 
not only with a range counter of known sensitivity to 
determine radar range .sensitivity but also to determine 
the overall range sensitivity of systems using any desired 
frequency-indicating device. 
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Delay-path length for calibration should be so chosen 
that modulation normal for the system under test will 
produce a range-beat frequency al so normal for that system. 
This condition cannot always be met without using unrea- 
sonably bulky delay lines or encountering such excessive 
attenuation that no usable delayed signal results. With 
radar systems designed for sufficiently low radio frequency 
and short range, this method of calibration is entirely 
satisfactory. With systems designed for high radio fre- 
quency and long range, however, use of Mia] line sections 
for calibrating-delay elements becomes most unsatisfactory. 

In a series of calibrating units designated TS-IO/APN , 
line sections approximately 70 and 380 feet long are 
compactly mounted in a carrying case. Two eight-foot 
connecting sections of line and a variable attenuator are 
also provided. By use of the line sections separately and 
together, equivalent nominal radar ranges of 65, 297, and 
350 feet are available. Exact range equivalents depend 
upon velocity of signal propagation in the actual cable 
used, and are placarded on each unit. This portable delay 
unit has been very useful in calibrating the low-altitude 
range of the *AA/>lPA'-i series of altimeters and their 
predecessors, all of which operate at a mean radio fre- 
quency of 440 megacycles per second. 

Artificial delay-line structures have proved valuable 
in providing greater time delay with lower bulk, weight, 
and attenuation than is practically attainable with uniform 
transmission lines, Artificial delay lines composed of 
many cascaded low-pass filter sections are well known but 
are not suitable for f-m radar calibration. This is so 
because the very wide pass band necessary for such fil ters, 
from zero frequency to hundreds of megacycles, corresponds 
to an excessively small time delay per filter section. 

It is also generally known that all signals having 
frequencies in a region for which a given circuit produces 
a phase shift varying linearly with frequency are delayed 
in time by the same amount in passing through that circuit. 
This common time delay r is the slope dxp/dojof the linear 
portion of the phase characteristic of the circuit, with 
phase angle ^ expressed in radians. An ideal band-pass 
filter widi matching termination has a [^ase characteristic 
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that is linear in the central region of its pass band, and 
provides a total phase change of rr radians from one limit 
of the bdnd to the other. By using a reasonably narrow 
pass band, a respectable time delay per section may be 
obtained from a multi-section band-pass filter. 

High-quality filter elements are necessary in order to 
approach ideal -hi ter characteristics, hesonant circuits 
formed of short sections of air-dielectric coaxial line 
have therefore been useful as del ay- line elements at ultra - 
high frequencies. These sections are short circuited at 
one end and adjustably capacitance loaded at the other, so 
that they operate as tunable high-Q paral 1 el -resonant 
circuits. Capacitive coupling to such circuits is obtained 
through apertures cut in the outer conductor, opposite 
the capacitor plate loading the inner conductor. An 
element of this sort,® shown in fig. VII. -5 with two 
oppositely directed coupling apertures, forms a complete 
T-type band-pass filter section, with par al 1 el - resonant 
shunt arm and purely capacitive series arms. vlany such 



Fig. VII. -5. Filter element of artificial 
delay line. 

sections may conveniently be mounted lengthwise between two 
parallel metal plates, thus being accurately positioned 
for stable coupling. 

Lsing elements that are precisely constructed, pre- 
tuned, and mounted, a delay line thus assembled from wel 1 
over one hundred elements has been found to exhibit reason- 
ably smooth response and uniform delay over the centra] 
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portion of its pass band. An artificial delay line having 
an equivalent radar range of 1800 feet or time delay 3.66 
microseconds over the band 445±2 megacycles per second, 
designated TS-SS/APN-l and mounted in a carrying case, has 
been in production. It has proved very useful for cali- 
brating the 4000- foot range of f-m radar altimeters. Its 
total pass-band width is 16 megacycles and overall mid-band 
attenuation approximately 38 decibels. 

The vari abl e - frequency beat method inay be used in 
conjunction with f-m radar apparatus to determine quite 
accurately the electrical length of an unknown delay line, 
so that the line can then be used to calibrate radar equip- 
ment. With the unknown length of line (and an attenuator 
if necessary) connected from radar transmitter output to 
radar receiver input, aii amplitude-modulated r-f signal 
generator is loosely coupled to the receiver input, and an 
oscilloscope with sweep synchronized witli the radar modu- 
lation is connected to show the output from the beat-note 
arrplifier of the radar. In the absence of signal -generator 
output, the oscilloscope will display stably a norma] f-m 
radar range-signal wave of the genera] type shown at 
position (7) of section (c) of Fig. IV. -11. 

hadar modulation sweep should be adjusted to the maximum 
available, or at least to a value giving the maximum number 
of beat-note cycles per unidirectional modulation sweep 
that can be clearly observed when a single modulation sweep 
(one-half modulation cycle) is expanded to the full width 
of the oscilloscope screen. Turning up the signal -genera- 
tor output and tuning its carrier frequency to the middle 
of the radar band, three pips will be sup)erimposed on the 
sinusoidal oscilloscope pattern. By careful adjustment 
of carrier frequency and modulation frequency of 
the test signal, the two side-frequency pips can be placed 
at accurately similar positions on two cycles of the 
oscilloscope pattern which are separated by the full width 
of the screen, as shown by the arrows in Fig, VII. -6. Ihe 
number A of whole cycles between these marker pips may 
then be counted. Spacing the marker pips in frequency 
by slightly less than the full radar sweep width avoids 
the obscurity of the range-beat wave form just at the 
points of modulation turn around and so permits adjustment 



304 


FREQUENCY MODULATED RADAR 


Chap. VII. 



Fig. VII. -6. Radar output wave 
form with frequency markers for 
delay calibration. 


of marker separation to an accurately integral number of 
range-beat cycles. 

The upper-frequency marker has a frequency and a 

period ^/^F^'^F^), while the lower marker has a period 
1/iF^^F ). The radar-signal time delay r in the line 
is equal to a number A (not in general integral) of 
pjeriods of the upper mariner frequency or a number A of 
periods of the lower marker, so that 

A = (F + f )t ) 

1 0 m 

I (VII. 1) 

A_ = (L^rF ) T 

2 0 m 

In sweeping the radar signal from the upper to the lower 
marker frequency, tlie number of cycles of phase dillerence 
between the signal through the delay line and the internal 
nixing signal changes from A^ to A^ (neglecting delay in 
the mixing-signal path). The number A of complete beat- 
note cycles observed during this sweep is therefore A “A , 
so that * * 

A = 2F T . (VII.2) 

in 

Iraveling freely at velocity c, the signal would in time 
T cover an equivalent distance or traverse twice an 
equivalent radar-echo range R^ given by 

V VaNc/F^ . (VII.3) 

viore exactly, this is the excess of range equivalent of the 
external delay path over that of the internal nixing path. 

c. Multiple-^Frequency Beat Method. A normal radar 
range -beat signal is developed in the normal way when 
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calibrating by the time-delay method. No normal radar 
range output at all is developed in the variable-beat 
method. Still another calibrating method is known in which 
a seemingly normal range beat is developed entirely arti- 
ficially. This may be termed a multiple-beat method of 
calibration, for reasons soon to appear. The frequency 
of the beat note so produced varies in proportion to rate 
of change of transmitter radio frequency, just as does the 
range-beat frequency in normal operation. 

Each time the number of radio wave lengths contained in 
the total path traversed by the radar signal changes by 
unity as the result of transmi tter- frequency shift, one 
complete cycle of tlie range beat between transmitted signal 
and radar return occurs. Let the total path, of length 2R, 
contain /V wave lengths of a signal having wave length 
or frequency of a signal having wave length 

or frequency F , yV+2 of a signal having wave length k , 
etc. Then 

(A+i ) = \ = 1 

10 2 1 

- . etc. {VII.4) 

Iransmitter frequency shift between successive beats in 
normal radar operation at range R is thus seen to have 
the single definite value 

= (VII. 5) 

where r is the time delay in signal propagation to the 
target and back. 

It is evident that if fixed standard frequencies are 
provided at uniform intervals Af throughout the band swept 
by frequency modulation of the radar, the sweeping radar 
signal will produce a momentary beat with each one. The 
frequency of occurrence of these multiple beats will be 
just that of the normal radar beat for a range /}, providing 
a very useful method of calibration. The beats between 
the sweeping and fixed frequencies will remain only momen- 
tarily at frequencies within the pass band of an audio 
amplifier, so that one sharp audio pulse only will be 
produced for each beat. While these pulses recur at the 



306 


FREQUENCY MODULATED RADAR Chap. VII. 

proper range-beat frequency, their wave form is poorly 
suited for counter operation. Practical utilization of the 
multiple-beat method of calibration therefore poses two 
problems: provision of the many accurately spaced individ- 
ual standard frequencies required, and "smearing” of the 
train of individual momentary-beat pulses into a more 
nearly sinusoidal radar-beat-frequency output wave. 

It is well known that the output of a radio-frequency 
oscillator anplitude modulated by a periodic train of very 
sharp pulses is equivalent to a large number of fixed 
sinusoidal component signals, having substantially equal 
amplitudes and separated in frequency by exactly equal 
intervals. The frequency difference between adjacent 
components is of course the repetition frequency of the 
pulses, while the number of equal-ampl itude components is 
substantially twice the ratio of the time interval between 
successive pulses to the duration of a single pulse. 

Whether positive pulse modulation (oscil lator active only 
during pulse) or negative modulation (oscillator off only 
during pulse) is used makes no significant difference. The 
very large signal conponent produced in the latter case at 
the unmodulated oscillator frequency is of no especial use 
in radar calibration, and may be a nuisance, Ihe problem 
of getting enough standard frequencies is therefore reduced 
to that of producing sufficiently sharp pulse modulation of 
an oscillator operated at approximately the frequency of 
the radar transmitter, hange simulated, determined by 
conponent -signal spacing in frequency, is controlled by the 
frequency of the pulse-generating oscillator and may easily 
be very accurately determined and maintained. 

Several methods of spreading the beat wave form have 
been devised. A very simple method, which has probably 
not been tried, involves production of beat pulses at 
twice the required frequency and their application to 
control an aperiodic scale-of-two counter, or "flip-flop 
circuit." This then provides a square-wave output at the 
required frequency; the output wave can of course be made 
triangular if desired by sinple electrical integration. 
Either of these wave forms is well suited for operating a 
limiter and averaging counter. 

A very direct method of beat-wave-form smearing has been 
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found successful experimentally.® The beat output devel- 
oped by a detector fed with frequency-modulated radar 
signal and pul sed-oscil 1 ator calibrating signal is amplified 
by a wide-band video amplifier, which produces a continuous 
beat output of varying frequency. This beat signal is then 
limited to remove fortuitous amplitude modulation and 
applied to a broad resonant circuit tuned to half the pulse 
frequency. The tuned circuit produces a smooth amplitude 
modulation of the variable-frequency video beat, with one 
maximum for passage of the radar frequency across each 
interval between adjacent pulsed-oscill ator side frequen- 
cies. Rectified video output from the tuned circuit 
provides a suitable audio signal foi radar calibration. 
Neither the radio frequency of the pulsed oscillator nor 
the resonant frequency of the tuned circuit is at all 
critical for proper operation, but it has been found 
convenient to operate the pulsed oscillator at a sub- 
harmonic of the radar frequency in order to avoid pulling 
either oscillator frequency by the beating process. 

An especially ingenious method of beat smearing has 
been used in a manufactured calibrator for the *AN/APN^1 
altimeter, and particularly for the high range of that 
equipment. This very useful device, designated TS^250/APN, 
employs a small injected signal from the radar transmitter 
to synchronize the starting phase of the free-running 
pulsed oscillator. This oscillator, tuned somewhat below 
the band swept by the altimeter signal, runs most of the 
time and is very sharply and briefly pulsed ofl at a pulse 
frequency controlled by a quartz-crystal oscillator. 

Operation of the device can conveniently be explained in 
terms of modulated waves rather than of equivalent steady 
side -frequency signal components. Each burst of calibrator 
oscillation is of very accurately timed duration, and each 
produces a burst of beat signal in the upper high-frequency 
radio band when mixed with the radar signal in the detector 
of the altimeter. Each burst of beat signal starts in the 
same phase because of calibrator synchronization by radar- 
signal injection, but the very sudden termination of the 
burst after a fixed and definite time interval occurs at a 
beat-signal phase determined by the instantaneous frequency 
difference between the radar signal and the free-running 
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calibrating oscillator during the burst. 

Each total beat-signal burst contains a direct-current 
component of magnitude depending upon the fraction by which 
the number of cycles in the beat-wave train departs from 
the nearest integer. This extra fraction of a cycle varies 
smoothly with the instantaneous frequency difference between 
altimeter and calibrator, passing through zero at succes- 
sive altimeter frequencies which differ by just the pulse- 
repetition frequency. The output of the detector thus 
includes direct-current pulses, recurring at the pulse- 
repetition frequency of the calibrator and varying in 
amplitude with the instantaneous frequency difference 
between altimeter transmitter and fixed -frequency pulsed 
oscillator. The envelope of this medium- frequency train 
of d-c pulses is just the audio signal needed for calibra- 
tion. Operation is again uncritical to pul sed-oscil lator 
frequency, so long as this is stable and remains outside 
the band swept by the altimeter transmitter. In this 
case the frequency -pul ling phenomenon is not avoided but 
put to good use in synchronizing the two oscillators 
momentarily at the end of each quenching pulse. 

Side -frequency analysis of operation of the TS-250/APN 
has not been carried out, but it is evident that the sudden 
quenching of calibrator oscillation must cut off each beat 
burst sharply enough to distinguish a fraction of a cycle 
at ultra-high frequency. This ultra-fast modulation must 
correspond to the presence of uniformly strong side- 
frequency components throughout the frequency band of the 
radar. Phase modulation of the pulsed oscillator by 
i>nitial synchronization to the radar signal is evidently 
periodic at the modulation frequency of the radar, and 
occurs in small steps at the pulse frequency of the cali- 
brator. This phase modulation must spread each side 
frequency of the pulsed oscillator into a side band with 
components separated by the radar modulation frequency. 

Such additional signal components no doubt account for 
the observed smoothing of the audio beat-envelope wave. 
Sharp but weak beat pulses can be observed in the audio 
output from the detector in addition to the desired smooth 
wavej these are attributed to non- synchronized transient 
oscillations shock excited by the modulating pulses. This 
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is the only one of the known methods of beat broadening 
that requires no detector or amplifier external to the 
al timeter. 

To avoid disturbance of calibration by fixed error, the 
TS-250/APN equipment is arranged to frequency modulate its 
pulsed oscillator slightly at a sub-audio frequency. This 
destroys phase coherence of the beat signal on successive 
modulation cycles of the altimeter and so permits the 
altimeter counters to average out fixed error. Accurate 
audio frequencies for range -counter calibration are also 
provided by this test unit, as well as a calibrated atten- 
uator for checking overall sensitivity of the altimeter. 
A device of the same type was expected to make possible 
accurate calibration of the A/V/APG-JZ4 equipment, but never 
became available. 

d. Range^Counter Calibration. A simple, continuously 
acting range counter in proper working order is not subject 
to obscure errors, especially if linearized to average 
out speed frequencies or not fed with signals affected by 
speed. Such a counter may be calibrated simply by use 
of an oscillator capable of providing two accurately known 
steady test frequencies, one low and the other high in 
the operating range of the counter. Calibration both of 
zero and slope of the counter characteristic may be made 
by applying the two frequencies alternately and adjusting 
alternately the counter sensitivity (capacitor or limi- 
ter-output swing) and the bias voltage to which the counter 
load is returned. Sensitivity is to be adjusted at the 
high frequency and bias at the low frequency. This process 
of successive approximation is continued until the output 
indicator with which the counter normally operates gives 
exactly its intended indications for both test frequencies. 
Care must be taken to use a sufficiently accurate calibra- 
ting oscillator, as not all oscillators are themselves 
calibrated accurately enough for this use. 

In the case of range-onl y devices like the *AJ\/APN-1, 
both indicator and limit counters are calibrated as above; 
the indicator counter is calibrated first and with its 
indicator is then used with a variable test oscillator to 
center limit-circuit operation properly at two check points* 
Overall calibration then requires introduction of a real or 
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simulated time delay (such as TS-^IO/APN, 7S-59/APA-i, or 
TS-250/APN) between transmitter t)utput and receiver input. 
Either modulating frequency or width of modulation sweep 
is next adjusted to calibrate radar range sensitivity, 
until the range indication at the counter output has the 
value proper for the time delay introduced (491.6 feet of 
range per microsecond delay). Due allowance must be made 
for any range residual which it is not desired to indicate* 
In the absence of residual range or extra counts, single- 
frequency calibration of sensitivity only is sufficient. 

In the case of range sensitivity of switched counters, 
simple calibration with a test oscillator should not be 
relied upon. Switch timing can introduce serious error 
into such a calibration (see section 3d of Chapter IV.), 
In this case, simulated radar signals for two ranges are 
required for overall calibration in range; they are to be 
used alternately like the two test-oscillator signals 
above, adjusting alternately overall range sensitivity 
(sweep width) and counter-load bias until correct indica- 
tion is given of both ranges. 

4. Speed Calibration 

a. Speed Calibration of Counters. In the case of 
devices like the AN/SPN-2 using basically a simple aver- 
aging counter to measure speed only, calibration can be 
established, as in the case of the simple range counter, by 
using one or two fixed test frequencies in the working range 
of the counter. Overall calibration of speed-only devices 
is accomplished by first calibrating the counter sensitivity 
fig alone with a test oscillator as above. By then measur- 
ing the radio operating frequency in megacycles, radar 
speed sensitivity in cycles per second per foot per 
second may be calculated simply by division of F^ by 491.6. 
In more complicated cases, however, it is necessary for 
calibration to simulate the effect of speed on an f-m radar 
range signal . 

Frequency variation of the beat-note output of an f-m 
radar, shown in Fig. IV. -13, may be imitated by switching 
at the radar modulation frequency between the outputs of 
two test oscillators. One test oscillator must work at 
range-beat plus speed-beat and the other at range-beat 
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minus speed -beat frequency. Such a switched-oscil ] ator 
arrangement may be used to determine or adjust both range 
and speed sensitivities of a switched counter when the 
oscillator and counter switching cycles are synchronous. 
Effective switched -counter speed sensitivity depends, how- 
ever, on the sweep-reversal phase lag (see section 3d of 
Chapter IV.) of the radar with which the counter is to 
operate. The oscillator switching used in calibrating 
the counter must therefore be made to lag the counter 
switching in phase by the same amount as does the radar 
modulation, badar-modul ation phase lag is rather difficult 
to measure accurately, thus setting a practical limit to 
the accuracy of switched-counter calibration with a switch- 
ed pair of oscillators. 

Phase jumps at switching between two free-running 
oscillators of different frequencies are quite different 
from those in a real f-m radar signal , so may in some cases 
give rise to different fixed-error effects. To avoid this, a 
calibrating wave form like the actual radar-beat wave form 
has been produced with a beat-frequency test oscillator. 
This is accomplished by switching the tuning of one of the 
beating oscillators, in synchronism with radar modulation, 
between two discrete values producing frequencies different 
by twice the range-beat frequency to be simulated. The 
other of the beating oscillators is fixedly tuned to a 
point, between the two switched-oscill ator frequencies, so 
chosen that beat frequencies and are produced 
al temately. 

No voltage discontinuity nor even marked phase disconti^- 
nuity occurs in the output of the first beating oscillator 
when its tuning is switched, nor do such discontinuties 
occur in actual r-f beating signals of f-m radar. The 
further fact that upper-frequency and 1 ower- frequency 
oscillators exchange places upon switching, just as do 
transmitted and radar-returned signals upon modulation turn 
around in actual radar ranging, results in a beat -frequency 
oscillator signal having just the sort of wave form exhib^ 
ited by actual radar signals. In this case also, oscillator 
switching must be delayed to simulate radar modulator lag. 
The usual drift and accuracy difficulties of be at -frequency 
oscillators are present and have prevented this method of 
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signal simulation from becoming of great practical value. 

b. Simulation of Radar Speed Signal. Oscillator- 
switching methods for switched -counter calibration, such 
as have just been described, are rather cumbersome and offer 
various possibilities for the occurrence of hidden errors 
in overall radar-system calibration. More direct simu- 
lation of received radar signals combining effects of speed 
and range is desirable. Ibe effect of constant speed of 
closing of the radar on the target is, as described in 
section 2c of Chapter II., a substantially constant in- 
crease in frequency of the received signal over that of 
the transmitted signal, and is called Doppler effect, lliis 
increase in frequency may also be regarded as a steadily 
increasing phase advancement of the received signal with 
respect to the transmitted signal. The steady phase 
advancement occurs at a rate which is proportional to speed 
and which often amounts to many compl ete radio-frequency 
cycles per second, 

When a delay path, real or artificial, is connected 
between the radar transmitter and receiver to sinful ate the 
effect of actual target range, the effect of speed may be 
simulated by introducing into that path a phase shifter 
which operates to advance continuously, and without limit 
the phase of the delayed signal. At low frequencies, such 
a continuously advancing phase would be produced for 
example in the rotor output of a synchro unit having its 
stator excited by polyphase supply, with the rotor driven 
by a motor at the rate of one revolution per complete cycle 
of phase advance required. At the ultra-high radio fre- 
quencies used in radar, the basic requirement is the same 
but a very different phase-shifter structure is necessary. 

Let radar transmitter and receiver be connected to two 
perfectly terminated transmission lines, so that radio- 
frequency energy applied to the near end of either line 
will be propagated uniformly toward the far termination, 
with no energy returned and in consequence no standing 
waves on the lines. Let these lines be placed parallel 
to one another, with feed ends adjacent, and a slidable 
connection be made between them, as in Fig. VII. -7(a). As 
this connection B is slid toward the feed end of the lines, 
the phase of the output from line C will be advanced, and 
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indeed wi]] advance continuously by one full cycle per half 
wave length of displacement of B (the displacement being 
effectively doubled because made along both lines at once). 
Total phase shift practically procurable with straight 
lines is of course strictly limited. 

The limitation may be removed by forming the two lines 
into circles in parallel planes, as in Fig. VII. -7(b). If 


(a) 


(b) 


(c; 

Fig. VII. •7. Basis of operation of 
continuous phase shifter for 
radio frequencies. 

the circle circumference is exactly a whole number of wave 
lengths, the phase of the traveling wave on each line will 
be exactly the same at both ends of the small feeding gap 
in the circle. Except for the slight amplitude difference 
caused by attenuation in the circle of line, there will 
then be no change in output as the connecting bar crosses 
the gap between beginning and end of each circle. Feeding 
and terminating points of each circle must of course be 
isolated, by breaking the circle, to maintain the condition 
of unidirectional energy flow and uniform phase progression 
along the lines. By moving the connector steadily and 
repeatedly around the transmission-line circles toward the 
transmitter, a steady advance of output phase may be 
produced and, in effect, the output signal will have a 
frequency higher than that of the input signal. 

A number of practical points may be noted. (x>nductive 
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sliding connections are noisy and unreliable^ therefore a 
capacitive connection provided by a hole in a rotatable 
metallic shielding disc between the circular lines is 
preferred. Cross connections made one-half wave length 
apart provide total paths different by just one wave length 
and therefore produce in-phase signal components which 
reinforce output. To minimize disturbance on crossing the 
gap in each circle, these gaps in the two lines may be 
separated circumferentially. These modifications are 
indicated in lig. VII. -7(c), which is drawn for circles 
just two wave lengths in circumference and shows four 
capacitive cross connections B. 

For lines in free space, the connector must move just 
as far as does the target in the actual radar case to 
produce the same phase advance. Tliat is, the connector 
must actually move with the linear speed which it is to 
simulate. By embedding the phase-shifting lines in the 
faces of para 1 lei -mounted discs of high-dielectric-constant 
ceramic material, velocity of propagation on the lines 
is greatly reduced, permitting a phase shifter of small 
dimensions to be made and reducing proportionately the 
speed at which the connector holes must be moved. Ihe 
"inner” conductors of the lines are metal filaments embedded 
in the ceramic-disc faces and their "outer" conductors 
are metal plates which back and support the ceramic discs. 
There is always some difficulty in maintaining acceptably 
small the phase discontinuity at the line gaps and the 
residual standing wave on the circular lines. Ihese 
tolerance difficulties are enhanced by the use of small 
high-dielectric lines. 

Continuous phase shifters of this sort have been used 
very successfully at 410 and 515 megacycles per second 
for calibrating 4yV//LPG-4 and AN/APG-6iXN) equipments. 
Adaptation to 1500 megacycles has been less satisfactory, 
though usable results have been attained with lines of low 
dielectric constant. With high-dielectric lines containing 
a large number of wave lengths, maintenance of integral 
wave-length circumference and consequently of acceptable 
phase discontinuity at the gap has been excessively diffi- 
cult at 1500 megacycles. For speed calibration, the phase 
shifter is driven by a d-c shunt motor with coarse and fine 
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speed controls; the simulated speed is indicated by a 
directly connected aircraft-engine tachometer, with dial 
suitably calibrated in speed units. 

That type of multiple-beat range calibrator in which 
starting of a pul se- quenched oscillator is synchronized 
with the transmit ted -signal phase also admits speed sinula- 
tion by means of a continuous phase shifter. In this case, 
the phase shift must be applied in the injection path for 
the synchronizing, so that starting phase of the pulsed 
oscillator will steadily advance with res]^)ect to the phase 
of the mixing signal fed from transmitter to receiver 
within the radar. In the case of multiple-beat arrange- 
ments using an altogether free-running pulsed oscillator, 
the phase shifter provides no simulation of speed. 

Simulated speed can also be provided when using a range 
calibrator with a free-running pulsed oscillator, but an 
entirely different approach is required. Range is simulated 
by the momentary beats resulting as the radar transmitter 
frequency sweeps back and forth across a "picket fence" of 
equally spaced fixed side frequencies produced by pulse 
modulation of the calibrating oscillator. If these side 
frequencies are not fixed but steadily increasing, the 
frequoicy of occurrence of beats is reduced during upsweep 
and increased during downsweep of the radar modulation, as 
the radar transmitter frequency changes respectively with 
and against the changing calibrator frequencies. Steady 
increase of the calibration frequencies is of course not 
practicable, but an unsymmetrical - sawtooth frequency 
modulation of the pulsed oscillator will produce periods 
of steady increase of frequency, each followed by a very 
rapid return to an initial frequency and then by another 
steady increase, and so on. 

Speed simulated may be determined in the above case by 
counting beats between the frequency-modulated pulsed 
oscillator and a fixed- frequency speed -reference oscillator, 
as the "picket -fence" side frequencies of the former move 
steadily past the fixed reference. Those jumps caused by 
the sawtooth nature of the calibrator frequency modulation 
may be minimized by artifices of modulation control. This 
type of combined speed and range simulation has been found 
operative by experiment, but has not been put to use. 
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5. Overall Calibration Procedures 

a. AN/ APG^i» When calibrating a radar system that 
uses a switched counter sensitive both to range and speed, 
and operating under conditions dependent upon both range 
and speed, it has proved advisable to use an overall 
calibration procedure with a radi o- frequency test signal 
capable of simulating the effects of both variables at 
once. A simulator to produce such a signal, designated 
TS~51/APG “ has been manufactured lor the testing of 
Sniffer equipments; this device is shown in Fig. VII, -8. It 
includes a motor-driven phase shifter of the sort described 
in section 4b above, with speed controls and tachometer, in 



Fig. VII. -8. Complete range and speed 
simuloting calibrator TS»51/APG^4 . 

addition to two separate sections of artificial delay line 
made of many band-pass elements as described in section 3b, 
and a lamp to indicate occurrence of release. In the 
figure, the two artificial lines may be seen in the side 
compartments and the assembly of tachometer, motor and 
phase shifter in the centra] compartment. The line- 
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carrying ceramic discs of the phase shifter are visible at 
the rear of the center compartment, with a thin rotatable 
shutter disc between them to provide the moving connec* 
tions. Exact range equivalent of each line is marked on 
the individual test set. 

Data on time lag in release and on residual range in 
r-f lines is required for each individual type of Sniffer 
installation, so any single calibration can only be correct 
for identical installations. Equivalent release ranges 
for calibration are determined by subtracting residua] 
range from placarded range equivalents of the artificial 
lines, singly and in combination. In terms of speed limits 
and overall time lag for which any particular altitude 
compensation unit is designed, values of approximation 
slope T* and intercept S^ may be determined readily for 
several representative altitudes within the range of the 
compensation unit., by use of equations (V.23) and (V.28) 
subject to (V.24). Speeds producing release at the cali- 
brating ranges may be determined and tabulated for the 
chosen altitudes, either from linear range-speed graphs 
drawn with the proper slopes and intercepts or by simple 
calculation from equation (V. 12). 

Calibration of the AN/APG-^ bombing radar with the help 
of the TS- 51 /APG^^ test set is a three-way process of 
successive approximation. The phi.se shifter and one or 
both delay lines are connected in cascade from transmitter 
output to receiver input receptacles of the equipment 
under test. Compensation of the AN/APG^U system for a 
chosen altitude is provided by setting the SA-9A/APG-k or 
SA»28/APG compensation unit. Ihe speed at which the phase 
shifter is driven is then slowly raised until the release 
relay closes, and the release speed noted. An adjustment 
is made, then a release trial Under new conditions, then a 
different adjustment, and so on. 

Modul ation -ampi ifier gain and thereby sweep width is 
set with low-altitude compensation and long-range delay 
line for release at the proper high speed. Bias voltage 
to counter load is set with low-altitude compensation and 
short-range delay for release at the proper low speed. 
Form of altitude compensation is set by adjusting the 
total value of resistor in the compensating network 
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(see Fig. VI. -30). This is done with high-altitude com- 
pensation setting and long-range delay, to give release 
at the proper low speed as predetermined from the release 
approximation, llie three adjustnnents interact, so correct 
values can only be reached by orderly cycles of repeated 
adjustment. Only these three calibration controls are 
available in the A^/APG-i or AN/APG-6, so when they are 
set release must be acceptably accurate under all other 
altitude -range -speed conditions without further adjustment, 

b. AN/APG-17A. The 1500-megacycle equivalent of a 
combination of TS-51/APG-^ and TS^250/APN-‘l, designated 
TS^UOU/APG, was to have been used in calibrating Ah/APG^17 
and -17A, but was never completed. Procedure for its use 
with AN/APG^17 would be essentially the same as that 
described above for calibration of AN/APCrU with TS-51/APG* 
Greater flexibility of the AN/APG-‘17A, however, requires 
a different calibrating procedure. Ibe calibrating controls 
are greater in number but ineraction among them is almost 
entirely avoided. A precise variable voltage divider, 
graduated in per cent of cathode- follower grid voltage at 
release, is required in addition to the 7S-404/APG and an 
audio-frequency oscillator to calibrate the A/V/APG-i7A; 
this divider is fed from the plate supply of the equipment 
under test. 

Feeding the counter^load resistor from the precision 
divider and with counters disabled, relay-tube bias is 
adjusted to cause release to occur at the 100-per cent 
setting of the divider. With speed counter disabled and 
range counter acting, a convenient audio frequency is then 
fed to the counter system and the range-counter capacitor 
adjusted to reduce the bias-divider setting for release 
by roughly 12 per cent per kilocycle of the frequency in 
use. With audio frequency set for release at a chosen 
calibrating-divider reading near the center of the normal 
bomb-channel bias range, counter load is returned to the 
normal bomb-channel bias control. The bias-scale (bias- 
divider current) adjustment of the AN/APG^17A is then set 
so that release occurs at a percentage reading of the 
bomb-channel bias dial wfiich is equal to the cliosen release 
reading of the calibrating divider. The 7S-404/APC is 
next connected between transmitter output and receiver 
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input to similate radar range of an amount placarded on the 
test set. Altitude -compensation factor F and range-scale 
factor R^ of the equipment under test are adjusted to any 
convenient values which together will give a mid-speed 
release range R^/F of the value placarded. With speed 
counter still disabled, modulation-amplifier gain is set to 
give a radar range-beat frequency of approximately 6.0 
kilocycles, as indicated by release at a bias reading of 
28 per cent. 

The range counter is then disabled and speed counter 
activated. Speed -counter capacitor balance is adjusted 
until bias for release is not affected by varying the radar 
sweep, and thereby the range-beat frequency, in the vicin- 
ity of the value for mid-speed release. Balancing of the 
biases applied from the cathode follower to the return 
leads of the switched counters is then accomplished by 
varying the tapping point at which the positive-counter 
discharge diode is connected to the cathode -fol lower load 
resistor. The tap is set to the point for which counter- 
capacitor balance is unaffected by changing the counter- 
input voltage swing; this adjustment equalizes the total 
effective voltage swings applied to the positive and nega- 
tive switched counters [see equation (IV. 6)]. 

The spe#*d counter being thus fully balanced, the scale 
of the speed-sensitivity control is next calibrated, still 
in the presence of normal range signal. The bo>Tib- channel 
speed-sensitivity control is first set to a convenient 
value, for example 0.25 per cent per knot. ITie change of 
counter output for release upcm changing by a known amount 
the speed simulated by the motor-driven phase shifter is 
then observed. Finally, the plate-current swing of the 
limiter is adjusted to cause thft output change observed 
for the speed change made to correspond to the speed- 
sensitivity scale reading. 

The speed counter is then again disabled and the range 
counter activated, so that the range-counter capacitor may 
be set finally to give a counter sensitivity of just 12 per 
cent per kilocycle per second. Final adjustment of sweep 
width to give a radar range sensitivity of just 6.00F/ft^ 
kilocycles per second per foot i^s also required. Bias 
scale and speed-counter bias balance are not likely to 
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require major readjustment in equipment previously cali- 
brated, nor need the preliminary settings of range-counter 
and radar-range sensitivities be made in such cases. 
Overall checks of range -speed -a 1 titude relations at release 
under a number of selected conditions are of course to 
be made as a final precaution against accumulated error. 

These two examples of overall f-m radar calibration, by 
successive approximation in a specialized system and by a 
lengthy but straightforward procedure in a relatively 
flexible system, should illustrate adequately the methods 
to be used in meeting exact operating requirements. Some 
general considerations should also be mentioned, however. 
Availability of a continuous pliase sliifter for speed 
calibration permits its use at very low running speeds as 
a convenient means of averaging out fixed error in range- 
only calibration. In speed -only or range and speed checks, 
care must be taken to avoid simple commensurabil ity be- 
tween range and speed frequencies with consequent return 
of fixed error. 

The procedure of fixing range and varying speed for 
release when calibrating is, of course, a reversal of the 
normal airborne operating conditions. It is a natural con- 
sequence of the use of physical delay lines of inherently 
fixed length for calibration, and seems to produce no harm- 
ful result, hange could conveniently be made variable in 
the multiple-beat calibrators, but provision of a useful 
set of accurately fixed simulated speeds for use with varia- 
ble range is not convenient. Even with fixed speed and 
variable range, calibration would be a static process 
whereas actual operation is dynamic. The question of 
whether static calibration is altogether adequate has not 
been fully investigated. Some attempts at dynamic calibra- 
tion, however, have clearly established that the static 
method requires simpler equipment and is easier to use. 

6. Notation and heferences 

a. Notation^ I'he notation listed alphabetically 
below has been used in this chapter. 

c Velocity of propagation of radio wovea in sea- level 
air . 

C Circuit capacitor, usually with identifying sub- 
script . 
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F Radio frequency, with identifying subscript if 
under special condition; also, general altitude- 
compensation function. 

F Mean radio frequency of modulated wave; also, fre- 
quency of variable-beat calibrating oscillator. 

F^ Frequency of modulation of variable-beat calibrat- 
ing oscillator. 

Af Change of radar frequency to change standing- wave 
pattern by one full wave. 

Electrical equivalent length of delay line. 

N Number of standing waves between radar and target, 
with identifying subscript if for special condition. 

r Circuit resistor, usually with identifying sub- 
script . 

R Range or distance between radar aad target. 

R^ Reference range for level- flight rocket firing. 

R^ Electrical range equivalent of delay line. 

R^ Residual range equivalent due to propagation delay 
within equipment. 

S Speed-axis intercept of straight-line range-speed 
approximation for tombing. 

T* slope of linear range-speed approximation for bomb- 
ing. 

V Vacuum tube, usuolly with identifying subscript. 

X Wave length of radio wave, with identifying sub- 
script if for special condition. 

Length of radio wave of frequency fjj* 

T Time interval required for wave propagation. 

Phase angle. 

CO Radian frequency 27rF, 
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DEVELOPMEHTAL SINGLE-TARGET SYSTEMS 

1 . General 

Various other forms and applications of single-target 
f-m radar have been proposed from time to time, in addi- 
tion to those that led to the fully developed equipment 
described in Chapters VI. and VIX. Some special uses and 
equipments will be described in this chapter. While sotne 
proposed systems were not carried beyond the planning 
stage, a number have been at least partially built and 
laboratory tested, and a few were carried to the point of 
limited flight testing of a whole system or at least of 
some fundamental elements. There is, however, no doubt 
that only a small sector of the field of possible applica- 
tions is represented here. Whether any of the systems 
here described are ever us^d or not, this discussion of 
uses already suggested and of ways of adapting f-m radar 
techniques to varied applications may serve to stimulate 
invention of further ways of using frequency-modulated 
radar. 


2 . RANGE ONLY ROCKET FIRING 

The investigation of level -flight rocket firing which 
led to development of the AN/APG'‘17A equipment also brought 
to light a simple special case. For certain fast rockets 
fired from certain slow aircraft in level flight, slant 
range for firing is found to pass through a minimum as air 
speed of firing craft varies. This behavior is evident 
in Fig. V. -11(a), which is typical of an aircraft -rocket 
combination which happens to exhibit a minimum of re* 
quired firing range at a normal operating air speed. Over 
a reasonable range of air speeds near that for minimum 
range, firing at a constant range independently of closing 
speed gives as good average accuracy as does any linear 
range -speed relation. This of course neglects wind and 
target speed, which in some cases are insufficient to 
produce much error anyway. Compensation of firing range 

322 



S#c. 3 DEVELOPME^TAL SINGLE-TARGET SYSTEMS 323 

for flight altitude and rocket -propel 1 ant temperature of 
course remains necessary. 

Standard AN/APG-^ equipment was modified, in order to 
test this method of firing, so as to use only a simple 
unswitched range counter. A ballistic-correction control 
for impact adjustment to suit propellant temperature was 
used to vary the release bias. Modulation sweep width and 
voltage to ballistic-correction control were compensated 
in corresponding fashion for altitude, in accordance with 
the requirements of one type of aircral*. and one type of 
rocket, but no other altitude compensation of bias was 
used or needed. 

Limited flight tests and rocket firings with this very 
simple equipment indicated that the results were approxi- 
mately as expected. Inadequate technique for measuring 
rocket impacts prevented the tests from yielding conclusive 
data on accuracy of firing, however. Subsequent worK in 
development of the more complex but more generally useful 
AN/APG-17A equipment prevented further tests of control 
of level -flight rocket firing on the basis of range only. 

3. ROCKET SIGHTING 

a. Problem and Proposed Solution. There has been a 
need for automatic equipment to determine the angular 
depression of line of sight required for visual firing of 
rockets at surface targets from diving aircraft, and to 
adjust an optical sight to provide this depression. Sights 
are available which include a servo mechanism to set the 
depression angle to a value proportional to a voltage 
supplied from a low-impedance direct-current control 
source; these sights also include a graduated manual ad- 
justment for setting the reference line from which the 
servo-controlled depression is measured. 

It was pointed out in section 7 of Chapter V. that 
rocket ballistic data has been found empirically to be 
reasonably well fitted over a limited region by use of a 
sight -depression angle related to slant range H and slant 
closing speed S thus: 

/3-/3 = D(KR-S^S) . (VIII. 1) 
Coefficients D and K (which is B/D in the notation of 
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Chapter V., section 7) depend upon both dive angle and 
propellant temperature, K at least in rather complicated 
fashion. Sighting-reference angle J3^ and speed intercept 

do not depend upon dive angle or temperature. All four 
parameters depend on type of aircraft and rocket, though 
this dependence has not been adequately investigated. 

The quantity in parentheses on the right of equation 
(VIII. 1) will be recognized as the typical total output of 
a frequency-modul ated radar using unequal switched coun- 
ters. K is then the ratio of overall range sensitivity 
to overall speed sensitivity and is the ratio 

to overall speed sensitivity of bias voltage applied 
to the counter load. The quanti ty is proportional 

to the voltage input required to set to depression angle /3 
a servo sight which has been adjusted manually for refer- 
ence depression angle /3^ . Coefficient D is therefore 
proportional to the fraction of total radar-output voltage 
that must be applied at low impedance to control the servo 
sight, in order that the desired automatic sight -depression 
setting may take place, hequired values of /3^, S^, K and D 
were found from the ballistic data to be of physically 
realizable magnitude in the few cases studied. Attainment 
of the necessary K values involves inconveniently large 
ratios of swi tched-counter speed sensitivity to range 
sensitivity, as well as rather small modulation sweep if 
range-beat frequencies are to be of usual magnitude. 

An AN/APG-U bombing equipment was set up with appro- 
priate counter-sensitivity ratio and suitable adjustable 
values of sweep width and of bias to counter load. Ihe 
bomb-release relay tube was omitted and an adjustable 
fraction of the cathode-fol lower output was applied to the 
grid of a second cathode follower, which had sufficiently 
low output impedance and the propei; output voltage for 
direct connection of its cathode to the control input of 
the servo sight. and were of course to be manually 
adjusted to suit the aircraft and rocket used. Manual 
adjustment of K and D for propellant temperature, as well 
as for aircraft and rocket, was also expected. Manual 
adjustment of K and D for dive angle 4> used in attack was 
to be made initially, but ultimate adaptation to automatic 
adjustment for dive angle was desired. Ihe final result 
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of section 7 of Chapter V. offers considerable hope for 
automatic adjustment of voltage ratio D for angle 0, but 
is not encouraging with regard to range/speed sensitivity 
ratio K, Counter-output voltage was expected to vary 
considerably during the approach, the servo sight following 
this variation. 

b. Experimental Results. The system comprising the 
servo sight and AN/APG-^ modified as above was tested 
extensively in the laboratory. Counter-tube bias appears 
between counter output to cathode-follower grid and coun- 
ter-return connections to cathode-fol lower cathode circuit. 
This bias was found to vary appreciably as total counter- 
output voltage varied over its required operating range, 
and indeed the biases vary in opposite directions for the 
upsweep and downsweep counters. Counter- tube bias affects 
the effective counter-input voltage swing (see section 2c of 
Cliapter IV.), and a differential bias variation on the 
upsweep and downsweep counters therefore affects their 
relative sensitivities. 

Desired range sensitivity of the rocket -sighting counter 
system represents a slight difference between the large 
individual sensitivities of the upsweep and downsweep 
counters. Small fractional changes in the individual 
sensitivities therefore produce major changes in net range 
sensitivity. This effect was found to be very serious in 
the experimental rocket-sighting system. It may be re- 
garded as resulting from the slight defect in following 
which is inherent in the counter-linearizing cathode 
follower. Attempts to improve follower action succeeded 
in reducing the residual defect, but not to an acceptable 
1 evel . 

Automatic control of sight setting by radar speed and 
range was of course obtained without difficulty. Adequate 
accuracy throughout the operating range was not obtained 
because of the counter behavior described, so no flight 
tests were made of the complete automatic sight-setting 
system. A few test flights including diving approaches to 
surface targets were made in order to observe radar-signal 
quality. Substantial reduction of maximum usable radar 
range with increasing dive angle was observed, even though 
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the tests happened to be made over unusually smooth water. 
It was felt that worse range reduction might have been 
expected if diving flight tests had been made in the pres- 
ence of strong sea return from rough water. 

Because of these difficulties, and because of the prom- 
ising results of early study of level -flight automatic 
firing, further development of automatic sight setting by 
f-m radar for diving flight was suspended. The work done 
did make it quite clear that the Sniffer principle of 
obtaining both range and speed information from a pair 
of switched counters is only satisfactory for operation 
under the normal Sniffer condition, which is that accurate 
information is needed only at a single output voltage. 
Preliminary tests indicated that satisfactory sight-setting 
operation could be obtained in the laboratory by applying 
a servo-controlled follow-up voltage from the sight to the 
counter load, so as to provide null -type operation with the 
cathode-follower grid always maintained at a fixed voltage. 
Nul 1 -setting servos applied separately to range -only and 
speed-only counters, and jointly controlling in turn the 
sight servo, offer greater flexibility in adjustment of 
characteristics. Work along these lines was suspended 
before any conclusive result was reached. 

4. GLIDE PATH 

An aircraft must sometimes be brought down under radio 
guidance to make contact with the surface of the earth at 
a specified point. This may be necessary in order to 
collide with a surface target or in order to make a spot 
landing. Lateral guidance in such a maneuver may be given 
by azimuth-controlling equipment like the AN/APG^6. Verti- 
cal guidance may in principle be given by application of 
the same direction-finding techniques to determination of 
vertical sighting angle. Unless an extremely sharp beam 
of radiation is available, however, accurate vertical 
direction finding is always a very difficult process techni- 
cally. Even with accurate angle measurement, control of 
aircraft position by angle data alone is a somewhat round- 
about process. 

Control of aircraft position in the vertical plane 
during a collision approach may on the other hand be quite 
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Straightforward and accurate if done on a basis of range 
measurement. F*m radar lends itself particularly well to 
fully automatic flight control on a distance -measurement 
basis. The radar altimeter is able to fly an aircraft 
automatically at any altitude for which it has been set by 
the adjustment of a voltage divider, as described in sec- 
tion 2c of Chapter VI. A slant-range measuring radar is 
able to operate a servo which sets the al titude- control 1 ing 
voltage divider to a value determined by the slant range 
to the collision target. 

A straight-line glide to contact at the target results 
if altitude is made to decrease linearly with decreasing 
range, in such fashion that range and altitude reach zero 
simultaneously. This means simply that altitude must be 
maintained in a constant ratio to range, the ratio deter- 
mining the slope of the straight-line glide path. Using 
suitably non-linear control of altitude by range, the glide 
path may be made to curve either upward or downward in any 
desired shape. Whatever the predetermined shape of the 
glide path, the position control of the aircraft at each 
point of its approach is entirely definite. 

Apparatus required to set up an approach path in this 
way is very simple, as may be seen from the functional 
block diagram of Fig. VIII. -1. A normal radar altimeter 



Fig. VIII. -1. Block diagran of radar glide path. 


arranged for normal ACE operaticHi of the aircraft, through 
attitude-control unit and auto pilot, is necessary. A 
slant-range measuring radar, for example a Sniffer with 
linear range counter only, is also necessary. A simple 
servo follower and control, similar to the SA^28/APG, 
completes the system; it is connected to produce a servo- 
shaft setting proportional to range output of the Sniffer, 
which in turn sets the altitude at which the altimeter 
holds the aircraft. Of course, the range servo may also 
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be made to modify the range sensitivity of the Sniffer to 
compress the required audio band. The shape of the path 
established is controlled by the resistance-rotation 
characteristics of the follow-up and control potentiometers 
driven by the servo motor. 

The system shown was not tried as a whole. Experience 
with its various parts, however, indicates that it might 
be expected to operate well without extensive development. 

5 . TARGET TRACKING 

a. General, Tracking of targets in such a manner as 
to make possible prediction of their future motion is a 
standard procedure in fire control , whether the necessary 
data is gathered by radar or otherwise. Frequency-modu- 
lated radar, with its ability to measure directly both 
target range and rate of change of range, and its ready 
applicability as a means of control, is uniquely suitable 
as a data source for predicting trackers. 

In most trackers, some element such as a voltage, phase, 
or angular position of a shaft is made to vary in propor- 
tion to target range. The time rate at which variation in 
range occurs is of course dependent on the speed of closing 
of the observing craft upon the target. A rate-controlling 
element, or variable- speed drive, is necessary to establish 
a variation of the tracking element which truly represents 
the changing range. With most methods of collecting data, 
the variabl e- speed drive is adjusted in accordance with 
information derived in some way from a timed sequence of 
observed values of range. With f-m radar, the slow and 
often insufficiently accurate process of establishing a rate 
from successive observations is unnecessary, as closing- 
speed data is available directly. F-m radar is therefore 
especially well able to control the usual variable-speed 
type of range tracker expeditiously and accurately. 

Trackers not requiring the complication of a variable- 
speed drive are possible but appear not to be widely known. 
These constant-speed trackers do not follow and predict 
range to target, but rather the interval of time which must 
elapse before the target is reached. If at a given instant 
it can be determined in some way that the target will be 
reached in just 10.0 seconds, then after the lapse of 
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5,0 seconds it can safely be predicted that 5.0 seconds 
have yet to elapse before the target is reached. This is 
always true, no matter what the speed of approach or the 
range at which the original time determination is made,, so 
long as the approach speed remains constant. The predic- 
ting tracker required for time- to- target operation is 
merely an ordinary clock having sufficient short-period 
accuracy and a sufficiently open time scale. Observational 
data is used initially to set the zero of the clock scale 
so as to give a correct reading of time to target. There- 
after, observed data serves only as a dieck on the running 
of the clock, making subsequent minor corrections in 
setting if necessary. 

The possible field of use of the time method of tracking 
has not been fully explored. It is clear, however, that 
once an accurate clock setting is established, loss of 
further data will not impair operation unless approach 
speed subsequently changes. In the case of aircraft flying 
over surface targets, the time predicted may be that at 
which the aircraft will be directly over the target; the 
utility of a time tracker of this particular sort in con- 
trolling bcxnb release is evident, as it is only necessary 
for release to anticipate arrival by the time of fall of 
the bomb. Such a tracker has often been referred to as a 
“long-time memory", because it can function on old data, 
and with a disappearing target such as a submerging sub- 
marine, the advantage of being able to release bombs on 
"remembered" data is readily apparent. As another use, the 
instant of arrival of an aircraft approaching a landing on 
a carrier vessel might be predicted, and this prediction 
might be used to synchronize the approach with the rise and 
fall of the (light deck as the vessel pitches. 

Time tracking would involve excessive and unwarranted 
complication with many methods of obtaining data. Fre- 
quency •modulated radar data, however, leads to a remarkably 
simple system. The remainder of this section will discuss 
various aspects of such a system. Applications of f-m 
radar to more conventional trackers are rather obvious and 
no discussion of them seems necessary. 

b. Basic Time Tracker* The relation between target 
range R, (constant) closing speed S, and time T required 
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to reach the target, when there is no relative target 
motion across the line of sight, is simply 

. (VIII. 2) 

The total counter-output voltage e, from a switched- counter 
f-m radar with its counter load returned to a bias voltage 
is given by 




(VIII. 3) 


This voltage can be made to cause a servo motor to run in 
one direction if e exceeds c^, or in the other direction 
if exceeds e. The radar can solve equation (VIII. 2) 
automatically if the motor is made to adjust the modulation 
sweep. The motor will then hold e equal to by setting 
radar range sensitivity so that 


^ Eg ^ 


(VIII. 4) 


where is fixed radio carrier frequency, f! is adjustable 
frequency band swept, is fixed modulation frequency and 
and are fixed range and speed sensitivities of the 
switched counters. These results of course follow imme- 
diately from the discussion in (3iapters II., IV., and V. 

This scheme will work between a minimum sweep 
determined by errors caused by fortuitous residual fre- 
quency nodulation, and a maximum sweep determined by 

linear modulation capability of the radar transmitter and 
modulator. Correspondingly, it will determine time to 
target from a maximum value found by using in 

equation (VIII. 4), to a minimum found by using 

in that equation. Referring to the sweep-width controlling 
circuits of Fig. III. -12 and to (VIII. 4), 

VWtu A (VUI.5) 

Thus if (with modulating switch in the dotted location of 
Fig. III. -12) is fixed and is made a linear rheostat 
on the servo-motor shaft, shaft rotation will directly 
represent time to target T on the basis that 

. (VIII.6) 

In this way, the servo-controlled f-m radar provides 
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automatically an output shaft that is directly useful for 
setting a tracking clock. A motor governed to accurately 
constant speed makes a suitable clock. Differential gearing 
between the clock and any device using its time-to- target 
output provides a suitable way of introducing the radar- 
determined setting of the time-scale zero. 



Fig. VIII. -2. Block diagram of basic time tracker. 

Fig. VIII. -2 is a functional block diagram of the basic 
time tracker that results from the foregoing approach to 
the tracking problem. The extreme simplicity of the 
external additions required to a radar of the Sniffer type 
may be noted. Only two minor internal modihcations are 
necessary. One is rearrangement of the relay-amplifier 
circuit to fit it for controlling a motor without disturbing 
the action of the cathode- fol 1 ower used to linearize the 
counters; the other is rearrangement of the modulation- 
generating circuit, by moving the square-wave switch to the 
location shown dotted in Fig. III. -12, to avoid deformation 
of control characteristic by extraneous loading. 

Range-beat frequency does not vary with time to target 
in the case of the tracker shown, since increase of sweep 
width just keeps pace with decrease of range in the ap- 
proach. Range frequency does vary with speed, of course. 
This arrangement permits a relatively narrow audio-amplifier 
pass band and consequently a good signal/noise ratio, 
particularly if the range of speeds to be covered is small. 
Oh the other hand, it does not allow the ratio 
to exceed the ratio permitted by the radar. In 

the case of the AN/APCr4, 5 to 1; in the 

AN/APGrl7 it might perhaps be extended to 10 to 1, because 
of the iiqproved modulator used in that equipment. At the 
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cost of increased audio band and the use of at least one 
non-linear control element, counter range sensitivity 
as well as radar range sensitivity k may be varied by the 
clock-setting servo. Equation (VIII, 4) must still be 
fulfilled, but T /T may in this way be permitted to 
exceed 

c. Corrections. If there is relative target motion 
transverse to the line of sight, as in the case of an 
aircraft (lying so as to pass over rather than collide with 
its target, additional data beside R and 5 is required. 
If the aircraft is flying level and the target is seen at 
an angle a below the horizon (see Fig. V.-3), time to 
target is given by 

(fi/r)cos®a-5 = 0 . (VIII. 7) 

This angle correction is the gnly effect of departure of 
the approach path from the line of sight to the target. 

Lising radar altitude A as additional data, the value 
of sina is A/R. An auxiliary computer determining a could 
be used to apply the proper correction to overall slant- 
range sensitivity. With such an addition, the basic 
tracker of fig. VIII. -2 would solve equation (VIII. 7) and 
give an exact solution for time to elapse until the air- 
craft passes directly over the target. This turns out to 
be an unduly complex way to solve the problem, however. 

It was shown in section 3a of Chapter V. that a very 
close approximation to the exact relation between slant 
range and slant speed in level flight, for any given time 
to target, results from applying two simple corrections 
to equation (VIII. 2). The corrected equation, (V. 12), is 

%/-(S-5o)=0, (VIII. 8) 

where the time factor V differs from the approximate value 
for true time to target T onl y by a correction factor 
slightly smaller than unity, and where a fairly small 
negative speed intercept 5^ is introduced. These changes 
can be introduced into the radar tracker quite simply, 
heferring again to the diagram of the sweep-control cir- 
cuit, Fig. III. -12, resistor can be fixed and output 
to the wave-shaping circuit can be tapped down on it by a 
small variable amount, to provide the appropriate time- 
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correction factor without disturbing the main reciprocal* 
time sweep*width control obtained through linear rheostat 
Tj . The servo motor can be made to hold total counter- 
output voltage to a value slightly greater than the 
bias applied to the counter load, thus providing for 
the required intercept 5^ • 

As shown in Chapter V., the time-correction factor 
T* /T and the speed intercept are both functions of only 
the single variable A/T. The functions required contain 
as parameters both upper and lower limits of the range 
of horizontal closing speeds within which time to target 
is to be approximated. After choice of the fixed limiting 
speeds to be used, the only additional datum required is 
the altitude A of level flight* The necessary correction 
functions, shown graphically in Fig. V. -5, are given by 
equations (V*14) and (V.22), using (V. 9). 

Fig. VIII. -3 shows in block form an arrangement providing 
si ant -corrected time tracking* The clock-setting time-to- 
target servo is connected to the slant-range and slant- 
speed radar only as a sweep-width controller, just as it 
is in the basic tracker* Its time-to-target output shaft 
carries, however, an additional linear potentiometer that 
is fed from the regulated power supply of a radar altimeter 
and provides an output voltage proportional to 7. This 
time voltage is applied in turn to a linear follow-up 
potentiometer driven by an auxiliary servo. The auxiliary 
servo operates to make its follow-up output voltage just 
balance the limit-counter output of the altimeter. Since 
the follow-up potentiometer with applied voltage propor- 
tional to T is driven to a position producing an output 
proportional to A, the servo follow-up shaft nust evidently 
seek an angular position proportional to A/7* The auxil- 
iary servo is thus able to apply to the slant-range radar 
the proper modulation-sweep and counter-bias corrections 
to make the main time-tracking servo read correctly. 

Potentiometers with non-linear resistance-rotation 
characteristics of special shape are necessary to introduce 
the corrections as functions of A/7. Since these correc- 
tions are small, however, great accuracy of shape of 
characteristics is not necessary. Smallness of corrections 
has the further useful effect of promoting overall stability 
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of the two-servo system of Fig. VIII. -3. Since the value 
of A/T has only a slight ejflfect on the balance point of the 
main T servo, there is no complicated interaction between 



Fig. VIII. -3. Block diagram of time tracker with 
altitude correction. 

the two servos and it is only required that each of them 
individually be made well danced and stable. 

Restriction of time tracking to level -flight approaches 
is not necessary. Section 4a of Chapter V, has shown that 
exactly the form (VIII. 8) of range-speed approximation 
remains valid even in the presence of a vertical component 
of aircraft speed. The additional datum of vertical speed 
V becomes necessary in that case, however, and the time- 
correction factor T* /T and speed intercept each depend 
on both A/T and V, as indicated by equations (V. 32) and 
(V.35). The slant-corrected tracker of Fig. VIII. -3 
requires only to be altered to provide such two-variable 
control of its corrections in order to remain useful for 
gliding or climbing straight-line approaches. 

No correction for radar time lag is necessary. If the 
tracker is delivering the correct value of time to target 
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at the instant that a particular range datum is accepted, 
the servo will be so informed after a circuit time lag 

and will then take no corrective action. Since the 
clock will keep the T output correct once it has become so, 
the no-correction order will continue to be given to the 
servo. There will be delay in correcting an inaccurate 
value of T, but the correction applied after lapse of the 
circuit lag will be the proper one. To avoid over- 
correction and hunting of the T servo because of Uie time 
lag, however, a simple derivative -damping circuit must be 
applied. This circuit was omitted from Fig. VIII. -3 for 
simplicity; it may act to displace the balance point of 
the motor-control amplifier in proportion to the speed of 
the servo motor. Time lag in operation of the A/T servo 
will necessitate a very sinple special correction. This 
is made by feeding the A/T follow-up potentiometer with a 
voltage proportional not to current time to target but to 
a time reduced by the 1 ag to be corrected. When the A/T 
servo reaches the corresponding setting, after the lapse 
of its time lag, that setting will be correct for the time 
to target then current. 

Besidual range in r-f transmission lines necessitates 
a special correction, as in other applications. This may 
be accomplished by changing the negative speed intercept, 
for which bias correction is made, from 6’ to 
Since the new correction depends upon T separatel y as wel 1 
as upon A/T, the bias-control circuit becomes somewhat 
more complicated than that shown in the figure. The point 
to which time is determined may be shifted somewhat in 
range by correcting not merely for R^ but for R^R^, where 
R^ is the distance beyond the target of the point for which 
time of arrival is desired. 

d. Automatic Controls* Sequence of operation is a 
very important factor in determining the success of an 
automatic tracker. Many possible types of operation can 
under some particular sets of conditions lead to failure 
to pick up a target, or at least to improper tracking. 
Complicated manual control procedures requiring consider- 
able use of operator judgment are of course inpracticable. 

There is little advantage in using a sloping audio- 
amplifier gain-frequency characteristic, since variation 
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of range and consequently of signal strength takes place 
at constant beat frequency while tracking. The amplifier 
should therefore have a moderately flat band-pass charac- 
teristic, with wide enough pass band to accommodate only 
the minimum required range of closing speeds. This will 
give good signal/noise ratio when the target is being 
tracked, but the target will only be found at all if it 
happens to return an adequate signal while at those parti- 
cular ranges that give frequencies in the amplifier pass 
band with the particular modulation sweep in use. 

An acceptable operating sequence will be of the follow- 
ing sort. Lpon first activating the system, manually or 
otherwise, a favorable condition for initial location of 
a target should be set up immediately. When a good signal 
is first received for a significant time interval, both servo 
tracking and clock timing should be started. Loss of 
signal thereafter should temporarily disable the servo 
until good signal is again available, but should neither 
disturb the clock nor reinstate the initial target-finding 
condition. At a time before the target is reached, 
servo correction should be stopped and the remainder of 
the approach timed by clock alone* When the approach is 
terminated, either by arrival over the target or by prior 
operator control, the target-finding condition should be 
restored quickly and automatically. A new operating cycle 
on the next target found may then either be allowed to 
take place automatically, or if preferred a manual re- 
cycling operation may be required to permit subsequent 
tracking. 

A simple target-finding condition is that of minimum 
modulation sweep. Oki a large target, signal in the ampli- 
fier pass band will then be picked up at long range and will 
initiate tracking when a time interval has still to 
pass before the target is reached. A weak target will 
not provide adequate signal until the range is short, under 
which condition the beat frequency at minimum sweep may 
already be too low to pass the audio amplifier. Weak tar- 
gets may therefore never be picked up at all if the sweep 
is held at minimum until a signal is found. 

Targets will be found more reliably if the radar is 
made to search in range until a signal is picked up. 
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Search may be accomplished by causing the clock-setting 
servo to vary the modulation sweep steadily from maximum 
to minimum, return rapidly to maximum sweep, and then 
repeat the process. This will continue from the time the 
tracker is turned on until a radar beat strong enough to 
actuate a target-indicator relay is first brought into 
the amplifier pass band. Operation of the relay should then 
permanently stop the search action, start the clock, and 
cause the tracking servo to set the clock. Turning off 
the tracker control switch should recycle the system, so 
that search may again be started by again turning on this 
control switch. Hate of change of sweep width in search 
should be so chosen that on the one hand loss of time in 
finding the target will not be excessive, while on the 
other hand the interval during which the radar beat fre- 
quency remains within the amplifier pass band will not be 
too small for reliable relay operation. 

If the tracker is to be used for bomb release, control 
circuits to cause release must be added, helease may be 
controlled on the basis of time of fall, which is related 
to altitude in accordance with equation (V,3) for the case 
of level flight. Time of fall Tf and the parameter A/T for 
level flight are therefore related in value by the equation 

{2/g)(A/T) = T//T . {VIII.9) 

The angular position of the A/T shaft, using the fixed 
scale factor 2/g, increases according to (VIII.9) as time 
to target decreases during an approach. 

When time to target becomes equal to time of fall, the 
angular positions of the two servo shafts coincide and the 
bomb should be released. Release fully compensated for 
altitude and closing speed may therefore be obtained auto- 
matically from a time tracker with practically no extra 
equipment. It is merely necessary to arrange for a contact 
to be closed when the T and A/T shafts simultaneously 
reach identical angular positions. This contact may be 
produced directly by mechanical means, or indirectly by 
comparison in a differential relay of two voltages con- 
trolled respectively by T and (2/g){A/T). 

e. Experiments. An AN/APG-i Sniffer was modified to 
form the basic tracker of Fig. VIII. -2. Extensive bench 
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tests and limited flight tests of this unit yielded inter- 
esting information. Because of low priority of the tracker 
at the time it was tested, the A/7 servo to correct for 
slant of the line of sight was never added. Automatic 
sequence control was tried, however, in a simple form 
setting up minimum sweep upon activation and maintaining 
that condition until a target signal strong enough to 
actuate a control relay is received. The experimental 
unit was designed to work from 12^4 to 2/^ seconds to target, 
with servo action automatically stopped at the latter 
value and tracking done by clock alone thereafter. 

Laboratory tests made it clear that avoidance of all 
stray loading effects in the modulation-control circuit 
is essential to prevent serious departure from linearity 
of the scale of time, or reciprocal sweep width, of the 
tracker. In checking linearity and calibration, especial 
care is necessary to avoid obscure fixed-error effects, 

flight tests were made in which time tracking was 
checked both by reading the time- to-target scale when 
passing over a target and by automatic release of bombs in 
flight at a predetermined altitude. Both manual and auto- 
matic control of operating sequence were tried. Manual 
control would of course not be of practical value, but is 
a convenient way of making special tests. 

Errors were observed which corresponded in a general 
way with those expected from lack of slant correction. 
Some tests were therefore made in which the servo was shut 
off manually at a considerable range, where the slant 
correction was small, and the remainder of the approach 
tracked by clock alone. This was of course a condition 
tending to produce large instrumental errors, but never- 
theless resulted in several strikingly good approaches. 

Only timed runs were possible on good targets, and a 
number of these yielded timing accurate within the error 
of observation, which amounted to a few tenths of a second. 
Automatic initiation of tracking from minimum -sweep modu- 
1 ation setting was found entirely successful on targets 
of adequate size. On the weak target used for bombing, 
however, automatic starting from minimum sweep (maximum 
range) sometimes failed for lack of early signal; automatic 
starting from reduced range would have been satisfactory, 
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as would automatic starting from a searching condition. 

Operation of the anticipated type was observed in flight 
on a number of runs, with radar and servo acting imme- 
diately to set the clock upon first reception of strong 
signal, and the clock thereafter tracking correctly for a 
number of seconds with the setting servo idle. Fading 
of the signal during clock tracking then produced no 
disturbance. 

Increased useful bombing accuracy may be expected with 
a satisfactory time tracker, because the servo-actuating 
signal threshold may be set relatively high without losing 
operation altogether, Hadar operation wi]j then take place 
only at moments when the signal is exceptionally clean 
and so provides reliable data. Another source of improve- 
ment of accuracy by tracking is the fact that many targets 
show strong fading in just the range region of low- altitude 
bomb release; the tracker efiectively eliminates disturbance 
of release by fading, provided an accurate clock setting 
has once been established. No further development of 
trackers was undertaken for lack of specific applications 
requiring them. 

6. Measurement of Vertical Speed 

a. Principles of Simple Methods* It is desirable to 
be able to derive from a radar altimeter indications of 
the vertical speed of aircraft. Such indications might 
prove directly useful to the pilot, because the air- 
viscosity rate-of-climb indicators which he must use at 
present are extremely sluggish in action. Vertical -speed 
data is also necessary if time to reach target or time 
of fal 1 of bombs is to be determined for an aircraft that 
is not held in level flight. 

Use of Doppler frequency shift of course suggests itsel f 
as a means of measuring vertical speed. In normal air- 
craft operation, however, vertical speed may be either 
upward or downward; zero or almost zero values are of 
common occurrence and particular importance. This means 
that very small differences between large upsweep and 
downsweep beat frequencies would have to be measured in 
Doppler speed determination with a frequency-modulated 
radar signal . 
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In the *AN/APN~1, for example, the difference between 
upsweep and downsweep beat frequencies for a climb of 
100 feet per minute would be only 2.7 cycles per second. 
The average of upsweep and downsweep frequencies would be 
7300 cycles per second at an actual altitude of 350 feet 
(with additioual residual altitude 34 feet), Ihe balance 
requirement to be met by a switched speed counter, for even 
roughly correct speed indication under such conditions, is 
obviously of an impracticable order. Tlie Uoppl er-shi ft 
method therefore seems unpromising for rate-of-cl imb 
measurement with f-m radar altimeters of present design, 

A more promising but less direct line of attack is de- 
velopment of vertical -speed information by differentiating 
altitude with respect to time. Since f-m radar altimeters 
are capable of developing by simple means fairly well 
smoothed output voltages varying rapidly with altitude, 
such methods seem entirely practical, The non-linear 
indicator circuit of the *A/V/APA-j altimeter develops, on 
the low scale, an average voltage variation of 0.13 volts 
per foot at the cathode of its cathode follower. At 100 
feet per minute of climb, this voltage varies 0,21 volt 
per second, Mth a smoothly acting servo to balance the 
null counter of the altimeter limit circuit, the voltage 
at the arm of the follow-up potentiometer in that circuit 
may vary 0,56 volt per second for the same rate of climb. 

There are various ways in which electrical differentia- 
tion can be applied to these voltage variations to produce 
indications of vertical speed. The simplest is of course 
the connection of a capacitor and galvanometer in series 
across the variable voltage. As voltage e varies, a charg- 
ing current will flow into the capacitor C and deflect 
the series galvanometer. At 100 feet per minute, variation 
of null -counter balancing voltage at 0.56 volts per second 
will produce a current of 1.68 microamperes if a 3-micro- 
farad capacitor is used. For a device giving full-scale 
deflection at vertical speeds of ±6000 feet per minute, a 
standard range for military rate-of-cl imb indicators, the 
galvanometer required will then be a 100-0-100 micro- 
ammeter; this is a moderately rugged instrument. 

Very rapid indication is obtained with this simple 
circuit; the time lag involved is that of the altimeter 
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and servo in developing a voltage proportional to altitude, 
plus the mechanical time constant of the galvanometer 
itself. Null-counter balancing voltage being strictly 
linear with altitude, the circuit gives a linear variation 
of galvanometer current with vertical speed and the speed- 
scale factor is independent of altitude. If the follower- 
cathode voltage of the *AN/AFN-1 indicator circuit is used 
as data source instead of the limit-circuit balancing 
voltage, a non-linear d-c amplifier must be introduced to 
cancel the non-linearity of the indicator counter in order 
to obtain linear vertical -speed indication independently 
of altitude. Direct use of the non-linear follower- cathode 
voltage would result in speed indications varying linearly 
with vertical speed but weighted according to altitude, 
a condition useful for special purposes. 

If a really rugged instrument must be used for speed 
indication, or if a voltage or shaft rotation proportional 
to speed is required instead of a meter indication, the 
differentiating circuit must be modified. A modification 
that can be applied in any one of several ways is that of 
Fig. VIII. -4, in which the current i charging capacitor C 
passes through a load resistor r. The most commonly used 
diflerentiating circuit is obtained by short circuiting 
the Cg terminals. 



Fig. VIII. -4. Differentiating circuit. 

Solution of the differential equation of the circuit 
of Fig. VIII. -4 with its terminals short circuited 
shows some typical properties. If input voltage has 
been constant but suddenly begins to increase linearly 
with time, the output voltage e which has been zero will 
simultaneously begin to increase, e wil 1 approach expo- 
nentially a final constant value rC Wdt, with a time 
constant rC in the exponent. If has been constant and 
begins suddenly to increase at a uniformly accelerated 
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rate, e will again begin simultaneously to increase from 
zero. In this case, however, the ideal value rC for 
e will increase linearly with time, and the steady-state 
value that e approaches exponentially with time constant 
rC will be less than this ideal value by the constant 
defect • 

laking into account the linear variation of with 
altitude A, indicated by the potentiometer input shown, the 
sensitivity of the circuit to vertical speed V is easily 
found. This sensitivity e/V^is simply ErC/A^, as is evi- 
dent from the relations of to V and to e. In the 
uniformly accelerated case, this value of speed sensitivity 
still holds, and the output -vol tage defect found corre- 
sponds simply to a fixed time lag of output voltage behind 
input speed, equal in amount to the time constant rC. The 
value of rC thus controls three things: sensitivity to 
speed, rate of decay of disturbing transient circuit 
conditions, and time lag in following a uniformly accel- 
erated speed. With terminals shorted, a large value 
of rC to give high sensitivity necessitates slow decay of 
transients and a large lag in following accelerated motion. 

b. Feed-Back Methods* A direct-current polarity- 
reversing amplifier with gain G may be introduced between 
the € terminals and the terminals of Fig. VIII. -4, to 
make 

(VIII. 10) 

with no significant time lag. Solution of the circuit 
equation in this case shows that e behaves in just the 
same way as with shorted, except that the effective time 
constant is reduced from rC to rC/(i + G). The voltage 
Cg varies with time just as does e but is G times greater 
than c; the sensitivity e^/V in the circuit with amplifier 
is therefore (ErC/A^)G/{l'^G), wliich is just G/(J+G) times 
the sensitivity e/V of the simple circuit with shorted. 
That is, by introducing an amplifier of high gain and using 

as speed-sensitive output, high sensitivity may be 
obtained through use of a large value of rC, while at the 
same time the effective transient -decay time constant and 
following lag rC/{l'^G) may be kept small to give very 
rapid response. 
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A somewhat different type of feed back results if is 
supplied by a potentiometer driven by a servo which is 
controlled by e but has strong first-derivative damping. 
This gives a viscous behavior, so that 

dejdt^ e/r (VIII. 11) 

where the time constant r is the primary characteristic 
of the servo system. The differentia] equation of this 
system is of the second order and so has a more complicated 
solution than the previous cases. 

The same two cases, that of sudden appearance of a 
constant vertical speed and that of sudden application of 
constant vertical acceleration, again serve to give a good 
idea of the properties of the system. Sensitivity e^/V 
again proves to be ErC/Am^ Output voltage again follows 
a uniformly varying vertical speed V with a uniform time 
lag, after a steady state is reached, but this time lag 
has become independent of rC and is the time constant T 
of the damped servo. Decay of transients depends on both 
T and rC, but unless the servo is over -damped and sluggish, 
transient decay is practically exponential with time 
constant 2rC. If r is less than 4rC, the decaying tran- 
sient is oscillatory. 

It is necessary in all cases that variation of shall 
be reasonably smooth, hippie or unsteadiness of will 
produce large alternating components at the output of a 
sensitive differentiator, which may easily overload some 
part of the system and prevent proper operation unless 
suitable precautions are taken. So long as overloading is 
avoided and the residua] ripple or noise on the vertical - 
speed output voltage e or is not harmful to the utili- 
zation of that voltage, ripple or noise on may be 
tolerated. Lse of a high-quality capacitor is always 
important. Leakage conductance or dielectric after-effects 
in the differentiating capacitor will of course invalidate 
the above discussion and seriously impair the operation of 
any differentiator. 

Given a sufficiently smoothly operating altitude servo, 
a tachometer driven mechanically by that servo may be used 
instead of an electrical differentiator. An electrical gen- 
erating tachometer so driven, for example, will produce 
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an output voltage directly proportional to vertical speed. 

c. Experimental Results. Low priorities assigned to 
derivation and utilization of vertical -speed data severely 
limited the experimental work in this field. Considerable 
laboratory experimentation was nevertheless accomplished 
and a very few flight tests were made. 

In one case the non-linear indicator-circuit output of 
the *AN/APN»1 was used to give a vertical -speed signal 
weighted according to altitude. This was for the purpose 
of making first-order corrections in bomb release, and will 
be described further in that connection in the next sec- 
tion. Operation was required in conjunction with a limit- 
circuit servo of the start-stop type {SA’-28/APG) having a 
marked idle region. Laboratory and flight test of this 
vertical -speed circuit showed it to be operative in princi- 
ple but badly disturbed in practice by transients caused 
by starting and stopping of the servo used. This difficul ty, 
for which no complete remedy was found in the time avail- 
able, prevented completion of the development. 

In exploring the possibilities of altitude and vertical - 
speed indication, a servo with operation smoothed by small 
forced oscillations, as described in section 5c of Chap- 
ter IV., was applied to balance the limit circuit of an 
'^AN/APN-'l. This made available a relatively rapidly and 
smoothly varying follow-up voltage linearly proportional to 
altitude, with only moderate ripple. A simple rC differ- 
entiator (Fig. VIII. -4 with Cg shorted) was connected to 
this voltage, and the differentiator output (e of the figure) 
was applied to the grid of a pentode qurrent amplifier with 
a rugged milliammeter in its cathode circuit. 

By careful design, it was possible to obtain a total 
cathode-current variation of 5 milliamperes (full scale of 
the indicating meter) for a vertical -speed range of ±2000 
feet per minute. This sensitivity, at a time constant 
of 1.5 seconds, permitted so little cathode-circuit degen- 
eration in the current amplifier that considerable care 
was necessary to avoid undue disturbance by supply-voltage 
variations. Some electrical filtering was necessary to 
avoid vibration of the indicating meter at the very low 
servo-oscil 1 ation frequency. 
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This instrument operated well in flight, but in the 
limited maneuvers possible with the SNB aircraft used 
little significant difference was noted between its indica- 
tions and those of the normal 5-second air-viscosity 
instrument. Rapid response of the radar rate-of-climb 
indicator was easily observed in the case of aerodynamic 
’’bumps" in the flight of the aircraft, to which the air- 
viscosity instrument did not respond at all. Since no 
application for this instrument was evident, no further 
work was done on it. 

Considerable preliminary laboratory testing was also 
done on servo-feed-back differentiators with viscous- type 
damping, in an effort to develop a source of vertical -speed 
data in the form of shaft rotation for use in fire-control 
computers. This work showed promise, but could not be 
continued beyond the early stages. 

Mention may be made here of the importance and difficulty 
of producing a voltage varying truly smoothly at a known 
and controllable rate. Such a voltage is quite necessary 
to simulate the d-c altitude signal produced by vertical 
motion of an aircraft, if laboratory testing and cali- 
bration of vertical -speed measuring equipment is to be at 
all effective. No truly satisfactory solution to the 
problem of producing a test voltage was found in the course 
of the work on f-m radar determination of vertical speed. 
Cyclic variation of simulated altitude is necessary for 
reasons of practical convenience, and must take place 
without exciting marked transients in the system under 
test. A carefully constructed motor-driven potentiometer 
of special design, giving alternating periods of constant 
simulated speed and constant acceleration, was the most 
useful test source developed. 

7. Bombing in Vertical Maneuvers 

a. Purpose* Low-altitude bombing from level flight 
has two disadvantages. It requires very careful flying, 
by instruments if conditions of poor visibility make radar 
truly useful, and it makes the path of the bombing air- 
craft simply predictable and so makes that craft a good 
target for gun fire. Dive bombing reduces target motion 
across the line of sight and makes the missile trajectory 
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straighter, both factors leading to improved accuracy 
and increased danger to the attacker. Toss bombing permits 
release at relatively long ranges, increasing the safety 
of the attacker but decreasing accuracy. 

To remove the requirement for careful level flying, it 
is merely necessary to arrange that small vertical speeds 
shall not introduce serious range error. To achieve 
maximum safety of aircraft, it is necessary to go further 
and to give the pilot as much freedom as possible to 
maneuver as he sees fit in the vertical plane of approach. 
Work was started leading toward both these objectives, but 
had to be dropped before completion in both cases. 

b. First Approximation. Bombing errors caused by 
small departures from level fligjit can be largely corrected 
by simple approximate methods. Ihe kinematic basis of one 
such method has been developed in section 4d of Chapter V. 
Correction by this method requires only that the bombing 
computer of a normal Sniffer be compensated for a modified 
altitude rather than for that at which the bombing craft 
is actually flying. Equation (V.44a), using the value for 

given by (V.43), indicates that the altitude compensated 
should exceed the actual altitude by a definite fraction 
determined by the single variable K//A, ^ere V is rate of 
climb and i4 is altitude. 

The variable V/}/A is simply twice the time rate of 
change of }/A, as may be seen by differentiating the latter. 
By a fortunate chance, the cathode voltage of the cathode 
follower in the non-linear indicator circuit of the 
*AN/APN-1 altimeter is found to be very closely propor- 
tional to the square root of altitude, at least over the 
important altitude range of 100 to 400 feet. The time 
derivative of this voltage therefore has just the right 
form to be used in modifying altitudes within that range 
to compensate bomb release for small amounts of vertical 
speed. Modification may be accomplished through control 
of the voltage supplied to the follow-up potentiometer of 
the altitude servo in a normal SA^28/APG compensation unit. 
By subtracting from the fixed supply voltage a variable 
voltage proportional to time rate of change of altitude- 
indicator current, and applying the difference to the 
follow-up potentiometer, the servo may be made to seek a 
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position representing the modified altitude A* of equation 
(V,45a) rather than the actual altitude A. 

The approximation (V.45a) is quite good up to a verti- 
cal speed of iVgK is the final vertical speed attained 

by a bomb released in level flight), which is 16 feet per 
second or almost 1000 feet per minute for an altitude of 
100 feet, or 2000 feet per minute at 400 feet. At an 
altitude of 225 feet of 120 feet per second) and a 
rate of climb of ±10 feet per second, ^ he correcting 
increment required for a fixed supply of 150 volts is 
±21.2 volts. The rate of change of indicator-amplifier 
cathode voltage in the *AN/APN-1 altimeter under these 
conditions is ±1.26 volts per second. Using a simple 
differentiating circuit with ^4-second time constant, the 
control voltage available is ±0.63 volt. A phase-reversing 
direct-current amplifier with voltage gain of 34 is there- 
fore required to provide the modifying component of follow- 
up supply voltage. 

An experimental accessory unit built to correct in this 
way for vertical speed used the circuit of Fig. VIII. -5. 


+ 270 V 



Fig. VIII. -5. Circuit of accessory unit to compensate 
bomb release for limited vertical speed. 

The d-c amplifier, using a constant-current type of plate 
load and having its grid biased from the plate supply, is 
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not affected by plate-supply variations. IXiring limited 
tests of this basically sound unit, satisfactory operation 
was prevented by transient disturbances of the regulated 
supply voltage caused by servo operation. It should be 
noted that the two- tube correcting unit shown can be 
connected between an al timeter normal except for such 
connection and an entirely normal SA'-28/APG unit, for use 
with entirely normal AN/APG-U bombing equipment. This is 
another instance of the ease with which f-m radar equipment 
lends itself to automatic control or compensation. 

Another approximate method of correcting for vertical 
speed is the use of a suitable increment to time of fall. 
Using equation (V.43), equation (V.36) indicates that, so 
long as is sufficiently small, time of fall may be 
regarded as the sum of a portion V^/g depending only on 
altitude and a portion V/g depending only on vertical 
speed. If the time lag between occurrence of the 
release relation of slant range R to slant speed S and 
release of a bomb by the Sniffer can be controlled, correc- 
tion by time-of-fall increment becomes possible. Such a 
result fol lows if Sniffer operation does not directly release 
a bomb but instead initiates a delay cycle of controllable 
duration, at the end of which the bomb is released. The 
additional delay must simply be made proportional to verti- 
cal speed in order to provide the desired correction. 

Vertical -speed information for use in controlling time 
of fall directly must of course be derived from a linear 
altitude indicator. Time lag may be controlled by using 
the vertical -speed data to vary the threshold voltage at 
which the charging of a capacitor, initiated by Sniffer 
relay operation, actuates a bomb-release relay. This 
method of correction is also rather simple if a well- 
smoothed source of linear altitude data is available; the 
Sniffer computation must of course be altered to provide 
sufficiently early relay closing. It will not work without 
modification of altimeter and SA-28/APG unit, however. 

Both the above approximate methods of correcting for 
vertical speed neglect the variation of slant speed with 
vertical speed and take account only of the effect on time 
of fall. The additional correction for the effect of 
vertical speed on slant speed is usually decidedly smaller, 
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except for especially low slant speeds. When it is nee* 
essary to use this additional correction, it is most easily 
applied at a different point in the circuit. One way of 
doing this is to increase the speed intercept of the 
bombing approximation by a factor 1 + 2K/K; this is of 
course to be done by operating upon the counter-bias 
circuits of the RT-27/APG-i or SA-28/APG* 

Second Approximation. High enougli vertical speeds 
to permit evasive action may be used, without in principle 
sacrificing the accuracy obtained in level flight, by apply- 
ing the results of sections 4a, 4b, and 4c of Chapter V. , 
with proper allowance for the windage corrections of 
section 6 of that chapter. This calls for adjusting both 
modulation sweep and counter bias of the Sniffer in accord- 
ance with both altitude A and vertical speed V, making 
due allowance for the effect of vertical acceleration a 
during the various time lags encountered. Two methods 
of making such adjustment will be described in some detail, 
as the only cases in which application of other than the 
most elementary computers to f*m radar has been studied. 
Provision for minor corrections adds considerable difficulty 
to the design and mechanism of such computers, and will 
be given proportionate attention here. 

An experimental Sniffer was built to use a two»variable 
compensation unit in flight trials of automatic bombing 
during vertical maneuvers.^ A normal RT-98/APG-17 radar 
transmitter - receiver (see Figs. VI. -21 and VI. -22), 
operating at 1500 megacycles, was to be used in conjunction 
with a special power and confuting unit. The computer 
unit as built uses substantially the circuits of the 
corresponding portions of the AN/APG-i, but is arranged 
to include mechanically a two-variable compensator with 
its two driving servos. Smooth altitude control was to be 
derived from the limit circuit of an *AN/APN-1 altimeter 
by a servo in forced vibration, like that used in the 
AN/APG-17A equipment. Vertical -speed control was to be 
derived from al titude- servo follow-up voltage by a servo- 
balanced differentiating circuit. The release compensator 
was to develop the sweep-control and bias-control para- 
meters T* and So of the bombing approximation; the same T^ 
parameter was to compensate both the modulation sweep and 
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the scale of a manual range-lead adjustment. 

Any reasonably behaved function of two independent vari- 
ables may be developed by use of a three-dimensional cam. 
Such a cam may be a properly shaped solid, rotated about a 
fixed axis in proportion to one independent variable and 
translated along that axis in proportion to the other vari- 
able; the desired function is then developed by the varying 
radius of the cam on a fixed pick-off line. Construction 
of an original three-dimensional cam is a tedious job of 
high-precision machine and hand work, but copies may be 
made automatically. The mechanism necessary for using such 
a cam to develop an arbitrary function is quite simple. 

If a function to be developed has a large conponent of 
variation that is mono tonic with one or both independent 
variables, that function may be decomposed into linearly 
and non-linearly varying components. Precision may then 
be improved or cam size reduced by using the cam to develop 
only the non-linear variation and producing the linear 
components by simpler mechanical couplings, arranged to 
give suitable motion ratios. 

Two three-dimensional cams were expected to be required 
in the experimental compensation unit, to provide the 
necessary T* and 5^ outputs in response to the A and V 
input data. The sweep-control parameter T* of course 
depends on time of fall 7y [see equation (V. 36)], on 
Sniffer time lag r^, and on a correction factor 
for obliquity of flight path with respect to radar line 
of sight. Obliquity corrections r ) and [see 

equations (V. 38) and (V. 40)] are quite small and need not 
be developed with extreme accuracy. Time of fall, on the 
other hand, is the primary release-controlling datum and 
must be determined with the highest practicable accuracy. 
This means that in the experimental unit the cam-input 
data has to be effectively the altitude and vertical speed 
of the aircraft at the instant of bomb release, in order 
to determine correct time of fall. Actual data collected, 
however, is that for appreciably earlier instants, because 
of altimeter, differentiator and Sniffer time lags. Means 
of accomplishing to a sufficient degree of approximation 
the data prediction required, and of allowing for bomb 
trail due to wind resistance, will be discussed later. 
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Fig. VIII. -6 is a perspective view of the experimental 
compensation unit as actually built. It proved advan« 
tageous in the T' system to separate out linear components 
of variation with both A and K. These are added by differ- 
entia] gearing and applied to the arms of ganged rheostats 
controlling both sweep width, or radar-range scale, and 
range-lead scale. The non-linear T' component from the 
three-dimensional cam is added to the sum of the linear 
components by causing the cam follower to move the frames 
and windings of these rheostats. 



ARROWS INDICATE DIRECTION OF 
INCREASING VARIABLE 


Fig. VIII. -6. Pictorial view of experimental two- 
variable release-compensation unit. 

After separating out the linear dependence of S^ on 
altitudoi and driving in accordance with it the arms of 
ganged bias rheostats, the remaining non-linear altitude 
dependence of proved insufficient to justify use of a 
second three-dimensional cam. Nor did required accuracy 
justify separation of the large linear component of verti- 
cal-speed dependence of S^^ so a simple flat cam is used 
to rotate the frames and windings of the bias rheostats 
in accordance with the entire variation of S^ with K. 

The unit shown is obviously not a finished design. It 
is wasteful of space because allowing room for two three- 
dimensional cams vdiere only one is used, since the complete 
two-variable bias -compensation portion of the unit proved 
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VIII. «*7. Block ockoaatio dia^rca of coapooootion unit for boab rolocuo in cortical acnouTorn. 
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unexpectedly simple in its mechanical arrangements. It 
nevertheless serves to illustrate a number of mechanical 
probleois typical of BK>re advanced gre*control devices than 
the original Sniffer, and to indicate simple constructional 
features for their solution, fig. VIII. -7 is a block- 
schematic diagram of the two-variable compensation unit. 
Gear ratios are indicated where they are required to 
introduce scale factors. Cams, beside providing desired 
curve forms, act like gear ratios to permit establishment 
of scale factors wliere necessary. 

Ihe solid cam is mounted on a slidable shaft, machined 
with a spline on one end and a screw thread on the other 
end. Rotational drive from the altitude servo is applied 
to the spline by a keyed gear. Lengthwise drive from the 
vertical-speed servo (invisible below the bed plate) is 
applied by a worm gear meshing with the screw thread on 
the cam shaft. Cam output is taken from a spherical 
follower swinging in an arc in a radial plane through the 
shaft axis. To avoid close tolerances on centering of 
shafts, precise rotation of less than a full revolution is 
transferred from the solid-cam follower to the cases of 
the T* rheostats by cable and drums rather than by gear- 
ing. The flat cam on the vertical -speed shaft likewise 
drives the cases of the rheostats through cable and 
drum. Linear altitude drive is transferred through a 
shaft and gear ratio to the vertical -speed mechanism, 
where it is added to linear vertical -speed drive in a 
differential gear and af^lied to the shaft of the T' rheo- 
stats through another gear ratio. Linear altitude drive 
is likewise applied to the shaft of the S^ rheostats 
through a gear ratio. The altitude servo drives an alti- 
tude follow-up potentiometer directly through suitable 
reduction gearing, just as the hidden vert ical -speed 
servo does the shaft of the vertical -speed follow-up 
potentiometer. The case of the vertical -speed follow-up 
potentiometer was to have been driven by an accelerometer 
(not shown in Fig. VIII. -6) for time-lag correction. 

Use of a screw thread as a rack for moving a solid cam 
lengthwise is convenient but causes slight undesired 
lengthwise motion as the cam rotates. This does no harm 
if the cam is cut with each contour of constant vertical 
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speed not lying in a plane normal to the cam-shaft axis, 
but rather advancing lengthwise with the same pitch as 
the driving screw when the cam turns. Altitude indicated 
by rotation of the cam shaft is not that at release, but 
rather that measured prior to release by an interval equal 
to the total time lag in altimeter, altitude servo, Sniffer 
and release mechanism. This does no harm if the cam is 
cut with each contour of constant altitude not lying in 
a plane through the cam-shaft axis, but rather in a helix 
twisted at a rate proportional to the total time lag. Thus 
cut, the cam surface in effect rotates under the follower 
for a constant input altitude, even though the cam shaft 
does not, as vertical speed sets the lengthwise position 
of the cam. Such phantom rotation is used in the experi- 
mental compensator to apply proper correction for the 
action of vertical speed in changing altitude during the 
total lag time. 

Analytical correction of a solid-cam surface for finite 
follower size would be very difficult. This is avoided by 
using a spherical follower, large enough not to indent the 
cam, and cutting the cam with a spherical cutter having 
exactly the radius of the follower. Using this method of 
cam development, radii on which the cam is to be cut are 
simply specified to the center of the cutter, and allowance 
for motion of the point of cam contact on the spherical 
follower surface occurrs automatically in the process of 
cutting the cam. Motion of the follower center along a 
circular arc rather than along a single radial line pro- 
duces further complication. Corrections to cutter-center 
radius and to longitudinal position for arcuate follower 
motion are, however, easily made analytically when design- 
ing the cam. 

Not all of the possible cam surface is used, since some 
combinations of permitted altitude and climb lead to 
excessive release ranges. Some of the otherwise unused 
surface is made cylindrical and provided with a ^'bench 
mark” to establish simultaneously definite, known values 
of altitude, vertical speed, and angular position of 
follower arm. The bench mark is essential as an aid to 
initial adjustment of the compensation unit. 

Vertical acceleration acts primarily to alter vertical 
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speed of the aircraft during the interval between speed 
determination and release. Allowance for this was to be 
made in the experimental unit by using a vertical -conponent 
accelerometer of the mass-and-spring type to rotate the 
frame and winding of the vertical -speed follow-up potenti- 
ometer, through an angle proportional to the product of 
vertical acceleration and time lag. A similar correction 
could have been made to the altitude follow up for the 
ViaT^ altitude increment, but was not considered essen- 
tial. Makings^ and corrections for the moment 
of release rather than for that of "sniffing” also produces 
slight errors dependent on acceleration. It was found 
graphically that a useful but very rough overall correction 
both for these errors and for altitude increment could be 
made by applying a small range- lead increment proportional 
to acceleration. Circuit provision for this additional 
range lead is indicated in Fig. VIII. -7. 

Horizontal acceleration was neglected in planning the 
experimental equipment, and is to be avoided by care in 
flying. Vertical acceleration alone was to be measured, 
even in steep climbs or dives, by hanging the accelerometer 
mass as a plumb bob. The accelerometer was never com- 
pletely constructed and is not shown in Fig. VIII. -6; it 
would have been mounted at the front of the bed plate, next 
to the vertical -speed follow-up potentiometer. 

Bomb trail resulting from air resistance, neglected 
in earlier level -flight Sniffer equipments, becomes signifi- 
cant at the longer times of fall encountered in toss 
bombing, especially at maximum flight speeds. Trail correc- 
tions do not become so great under vertical -maneuvering 
Sniffer conditions, however, that they must be made with 
great accuracy. Variation with speed of bomb trail in 
range is non linear, but a linear approximation over a 
limited speed range leads to no great errors. 

The linear trail approximation may be characterized by 
its slope, T^, and a speed intercept. Trail slope T^ is 
found empirically to depend very little, for any single 
time of fall, on altitude and vertical speed separately. 
It does of course depend upon ballistic coefficient of 
the bomb used, and this dependence on bomb type prevents 
full trail allowance from simply being made once and for 
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a]] in the design of the solid cam for T\ 

It is not the speed intercept of the trail -approximating 
line itself that matters, but rather the change that 
inclusion of trail produces in the intercept of the 
main range-speed approximating line. This change in 
intercept depends on bomb characteristics as well as on 
both altitude and vertical speed. Its magnitude is small, 
however, so variation of intercept over a moderate range 
of bomb characteristics is also small. An intercept 
correction made once and for all for a bomb of average 
ballistic quality is therefore good enough for bombs having 
properties moderately close to that average. 

Trail -approximation slope (always negative) adds 

directly to the slope of the main range-speed approxi- 
mation to determine a final operating value and 

thereby the radar-modulation sweep, width required. Sweep 
control in proportion to 1/T* may be produced by applica- 
tion of modulating signal at constant voltage to a siny>le 
voltage-dividing aeries circuit, in which a servo-adjusted 
rheostat maintains total resistance proportional to T' and 
output is taken across a fixed resistor (see Fig. III. -12, 
but with fixed). It turns out with such a circuit that 
the trail -si ope correction required to make sweep width 
proportional to J/(T'+r^) can be closely approximated for 
any single bomb by shunting a fixed resistor across the 
rheostat. The size of the fixed series resistor delivering 
output and that of the fixed shunt roust both be properly 
chosen, with respect to the time/resistance scale of the 
variable resistor, if the best trail approximation is to 
be obtained in this way. 

Tbe method used in designing the experimental vertical - 
maneuvering Sniffer compensator to allow for trail involved 
several steps. First, series and shunt fixed-resistor 
values required in the sweep-control circuit to give best 
average trail -si ope correction were determined, for the 
caae of aweep-control rheostat rotation proportional to 
T* for vacuum fall [as found from equation (V. 38)1 and 
use of a bomb of medium ballistic coefficient. Using the 
circuit values so found with the vacuum-fall values of 
and with values of obtained from computed trajectories, 
the required rotation angles for the swaep-control rheostat 
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were next determined exactly for all values of altitude 
and vertical speed at release « 

Lengthwise profiles of cam radius versus vertical speed 
were thus determined for many fixed values of altitude. 
The same data could of course be regarded instead as a 
set of circumferential radius-versus* altitude profiles for 
many fixed values of vertical speed. Applying to these 
profiles the necessary corrections for arcuate follower 
motion, for prediction of altitudr^ at release, and for 
screw-thread longitudinal drive, the coordinates of many 
points on the cam surface (using radii to center of fol- 
lower) were finally tabulated lor use in actual cutting 
of the cam. 

The result of the above procedure is a solid cam giving 
with shunted rheostat optimum values of sweep width at 
every altitude and vertical speed for a bomb of medium 
ballistic coefficient, yet differing very little from the 
cam that would have been required for best vacuum- fall 
operation (ballistic coefficient infinite) with no shunt on 
the sweep-control rheostat. By varying the ganged manual 
bomb- trail correction rheostats which shunt the servo- 
driven sweep-control and range- lead scale rheostats of 
Fig. VIII* -7f range-speed slope can be made very nearly 
correct at all altitudes and vertical speeds for other 
bonob types having slightly different ballistic coefficients. 
Variation of speed intercept S^ with altitude and vertical 
speed is also made correct for bombs of medium coefficient; 
the change of intercept called for by small changes of 
ballistics is neglected. 

The problem of accurate release of bcxnbs subject to air 
resistance from an aircraft maneuvering freely in a verti- 
cal plane is a conqilex one. A number of approximations 
had to be made in order to handle it in the sinplified way 
just described. The design of the required solid cam was 
a tedious procedure requiring a number of corrections. Yet 
the end result, in consequence of the great flexibility of 
three-dimensional cams and of the ease with which f-m radar 
data may be put in forms useful for automatic control, is 
a release- coiqpu ting system that is relatively simple both 
electrically and mechanically* 

Operating ranges for which the two-variable computer 
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is designed are from 100 to 800 feet in altitude, ±150 
feet per second or 9000 feet per minute in vertical speed, 
and from Ig downward (free fall) to 2g upward in vertical 
acceleration, for horizontal speeds of closing on target 
from 120 to 350 knots (200 to 600 feet per second). In 
addition, tirne-of-fall limits of 2.3 and 11.8 seconds are 
imposed. Flight maneuvers under downward acceleration 
exceeding Ig are permissible, as noted in section 4c of 
Chapter V,, but actual release simply cannot occur during 
such a maneuver. Upward acceleration in excess of the 
computer-design limit, on the other hand, does not prevent 
release but does impair accuracy. 

The vibrating altitude servo was found able to operate 
smoothly and accurately at the speeds required. There was 
indication, from laboratory servo tests and from flight 
test of the vertical speed indicator described in section 
6c above, that a satisfactory vertical -speed servo opera- 
ting from the altitude follow-up voltage is possible. 
Priority of other work unfortunately prevented the maneu- 
vering Sniffer development from reaching the stage of 
complete system tests. 

It seems highly probable that, given suitable verti- 
cal-speed data, the two-variable compensator would have 
operated as expected. That slant-range and slant-speed 
radar data in maneuvers would have been consistently good 
enough was never clearly established. Limited observations 
on 410-megacycle radar signals in dives, made in connection 
with studies of rocket sighting, and still more limited 
observations when climbing, were somewhat encouraging with 
regard to signal quality in moderate maneuvers. The 
weakness of signals from the existing 1500-megacycle 
equipment at long range, observed in 1 evel -flight rocket 
firing, was not particularly encouraging. Measures to 
improve the radar performance would probably have been 
necessary to make an improved computer truly useful. Pitch 
stabil ization of antennas might have proved necessary also. 

d. An Alternative Approximation. Design of a solid 
cam with all necessary corrections is a very lengthy and 
tedious procedure, as is the actual construction of a 
prototype cam to adequately close tolerances. Even minor 
changes in operating conditions may necessitate complete 
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cam revision. Much thought was therefore given to possible 
ways of building two-variable release compensators requir- 
ing no such difficult element. The schemes devised were 
guided by the mathematical forms expressing the quantities 
T' and 5^ that were to be determined. A1 1 of these schemes 
are characterized by use throughout of fairly easily 
designed and constructed elements, but all ol them require 
a considerable number of such elements to produce a com- 
plete compensating unit. 

Time of fall is the most" important single variable in 
Sniffer compensation, so the alternative schemes studied 
were based on maximum explicit use of that variable. 
Plotting range-speed slope-correction factor T* 
and speed intercept S^, as given by equations (V.32) and 
(V.35), against time of fall with vertical speed k as 
parameter, emphasizes the practical iitility ol T^ as a 
major variable. The curves found within each family are 
very simple and very similar. In fact, if proper scales 
are chosen both complete families may be satisfactorily 
represented by a single master curve of the required 
correction against T^* When this is done, the effect of V 
is merely to shift the origin with respect to which the 
master curve is used. The shift of origin along the T^ 
axis, that is, the climb-compensating increment to be 
added to T^ in using the master curve, varies linearly 
with V for both corrections, but at a different rate for 
each. The shift of origin along the T'/(.T^^r^) or 5^ 
axis respectively, that is, the climb-compensating incre- 
ment to be added to T* / {T or to S^ as determined 
from the master curve, varies in highly non-linear fashion 
with V. 

Time of fall used must be that corresponding to the 
altitude A^ and vertical speed at the instant of bomb 
release. Time of fall for the instant of release must 
already be computed and available for compensation at the 
instant that the Sniffer "sniffs”, that is, accepts the 
si ant -range and slant-speed data on which to base release. 
This instant precedes actual release by the time lag of 
the Sniffer and bomb-release mechanism. Altitude must 
actually be measured at an instant that precedes sniffing 
by the time lag of the altimeter and conpensating servo, 
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at which time it has a value A Vertical speed must be 
measured at an instant that precedes sniffing by the time 
lag of the speed -measuring device, at which time it 
has a value . If K is determined from altitude data, 
the time lag of the speed -determining circuits and verti- 
cal-speed servo is 

iXiring each of the cor»j>onent time lags, vertical accel- 
eration a alters both vertical speed and altitude, and 
vertical speed also alters altitude, hate corrections of 
this sort must be brought to an end somewhere, and the 
assumption has been made throughout that the aircraft is 
flown with constant vertical acceleration during tlie entire 
short interval r + T iust before release. Then 


and 


K-K + ) 


A, - A+V, (T + r_ )~y, a +7-, ) 


r ■'« ' r • • 

while in terms of 

From these relations 


(VIII. 12) 
{VIII.13) 

(VIII. 14) 


-4,= [Vi )“Vjl7’j+T + T^) + Hlo+g)(T +r^)‘! (VIII. 15) 

Fig. Ylll.-b is the block schematic diagram of one 
alternative two-variable Sniffer compensator devised on 
these principles. The device is actuated by two servo 
motors, one setting a shaft to an angular position propor- 
tional to and the other to witli time-lag corrections 
detennined by a vertical -axis accelerometer. Ihe vertical - 
speed servo shown is of the simplest sort, producing 
by means of a linear potentiometer a follow-up voltage 
proportional to shaft position, for servo comparison 
with a data voltage proportional to vertical speed, 

A more complicated arrangement is necessary for opera- 
tion of the time-of-fall servo. Shaft rotation proportional 
to 7| is made, by a mechanism which builds up equation 
(VIII. 15), to provide a follow-up voltage for servo com- 
parison with a data voltage proportional in turn to A^* 
Voltage from a regulated source is applied to a rheostat 
and potentiometer in series, and follow-up voltage for 
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comparison with altitude-data voltage is taken from the 
arm of the potentiometer. The time of fall servo is 
connected to run in the direction to make this follow-up 
voltage equal the data voltage. 

Assume that the servo shaft is at a position propor- 
tional to the time of fall which is to be determined 
from altitude and vertical -speed data. By gearing out 
of the shaft, either tlirough a simple hyperbolic-motion 
mechanism to a linear series rheostat in the follow-up 
circuit, or directly to a series rheostat having a hyper- 
bolic characteristic, the total resistance of that circuit 
can be made proportional to i/(T£+T^+ ) . The voltage 
across a potentiometer in series with the rheostat is then 
proportional to Ihe fixed time increnent r+r is 

merely a matter of proper choice of initial mechanical - 
position settings of geared shafts. By diflerential gearing 
of suitable ratios from speed-servo (V^) and accelerometer 
(a) shafts, a shaft can be positioned in proportion to 
[see (VIII. 12)]. By a further diflerential from the time- 
servo shaft the position of the potentiometer shaft can be 
made proportional to g(7£~ t ) . The follow-up 

voltage at the potentionieter ann is therefore proportional 
to the product tenn of equation {VIII. 15). The final term, 

/^ ( a+ g ) (t + I*' , is easily produced by a linear potenti- 

ometer controlled by the accelerometer and may be added 
electrically to produce an overall follow-up voltage 
proportional to A^. 

If the assumption of servo-shaft position proportional 
to Tf were not correct, the follow-up voltage produced as 
above would differ from the A^ data voltage; the servo 
would then run to nullify this difference and so set its 
shaft in proportion to A sinple linear follow up from 

the time-of-fall shaft might be used instead if a time-of- 
fall data voltage were developed directly from the altitude 
and speed data, according to equation (V.37) as modified 
by acceleration. Since equation (VIII. 15) is very much 
sinpler in form, and and servos are necessarily to 
be available for use anyway, it is much easier to build 
up an A^ follow-up voltage os described. This inverse 
method of causing a servo to position a shaft in accordance 
with a prescribed function of observed data is of very 
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genera] utility, both in possible f-m radar applications 
and elsewhere. A hyperbolic rheostat in series with a 
linear potentiometer should be used to develop the required 
product, in preference to two linear potentiometers in 
cascade, because it avoids the distortion produced by 
loading a first potentiometer with a second one. In the 
arrangement shown, the adding circuit fed by the % gT^ ^ 
potentiometer must not load the latter appreciably. 

After shaft positions represer»t •» ng time of fall and 
vertical speed are set up as described, they must be 
applied to compensate the f-m radar for bomb release. Time 
of fall may be used directly to set a linear rheostat in 
series with a potentiometer in the modul ation -control 
circuit of the slant-range radar. There results a total 
circuit resistance proportional to hence a modu- 

lating-signal voltage across the potentiometer pro(*ort ional 
to i/(7^+T^). This is the primary range-scale control of 
the Snider being compensated. A similar control applied 
at high impedance to the output between arm and center of 
a relatively 1 ow- impedance manual range- lead potentianetor 
in the Sniffer bias-supply circuit provides corresponding 
compensation of range-lead scale. Range lead will be 
either positive (impact beyond target) or negative as the 
variable range-lead tap is respectively above or below 
the fixed center-tap. 

Slope-correction factor T* /{T^-^ r and sf>eed inter- 
cept S^ of the Sniffer range-speed approximation [see 
equations (V.32) and (V.35), using also (V. 9)] are both 
functions only of the two variables aud 

)]^ lor any fixed horizontal speed-limit ratio 
In view of the effects of time lags in equifirnent, 
examination of these variables as expressed in terms of 
T^, V^, and a indicates that time of fall used in compHJting 
corrections should be modified slightly from the value at 
release. lor time-of-fall limits of 2.ti to 12 seconds, 
with at 0.4 second, the rrtodified time required is always 
very close to 0 . 35“’0. 80 a/g seconds. For vertical 
speed, only the value at the actual moment of sniffing 
is required. Time and speed servo outputs T^ and are 
easily modified to these values by data from the acceler- 
ometer, with the aid of differential gearing. 
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Increments proportional to by the proper two factors 
are added by forther ditterential gearing to time of fall 
as corrected for acceleration. Ihe resulting shaft motions 
act through two cams shaped in accordance with the master 
correction curve, one to move the stator windings of 
linear correction- factor potentiometers in the modulation 
circuit and in the range-lead circuit, the other to move 
the windings of twin linear rheostats in the bias circuit. 
The shaft also acts alone, through two cams shaped in 
accordance with required correction increments, one moving 
the arms of the modulation and range- lead -scale correcting 
potentiometers and the other the arms of the bias-circuit 
rheostats. Connected to maintain constant total resistance, 
the twin bias-correcting rheostats have the manual range- 
lead potentiometer between them and together act as a split 
potentiometer to set the Sniffer bias with zero range lead. 

By means of these linear electrical elements with 
double non-linear mechanical inputs, the correction factor 
T * is applied to the Sniffer modulation sweep, and 
bias corresponding to speed intercept is applied to 
the Sniffer-counter load. Alternatively, double linear 
mechanical drives may be applied to chains of non-linear 
rheostats and potentiometers to achieve the same result 
without the use of cams. 

As in the compensator using a three-dimensional cam, 
rough correction for bomb trail can be applied by shunting 
a manual rheostat across the rheostat of the sweep- 
control circuit. Similar correction of range-lead scale 
would give proper tracking of controls and could* easily 
be provided. Means for making still more accurate allow- 
ance for trail, including its slight variation with'K, 
were not worked out. 

Of the two compensators described and quantitatively 
worked out, only that using the solid cam was built. 
Either would have worked with quite normal Sniffer radar 
and counter equipment. The one constructed was markedly 
the better in mechanical simplicity, and to some extent 
in electrical simplicity also, though there was no major 
difference in the latter respect. The composite compensator 
using many simple elements would be much more easily 
altered to meet varying requirements, and because of its 
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flexible design permits the more accurate compensation for 
effects of vertical acceleration. Studies of trail correc- 
tion were not carried far enough to give a final comparison, 
but as far as development was carried for the two methods, 
an advantage for the solid cam was indicated. Both have 
been described as representative of possible ways to apply 
the type of data provided by f-m radar to somewhat more 
complex fire-control problems than that of level -flight 
bombing. 

e. Exact Solution. All Sniffer bombing computers so 
far described have given solutions based on linear approxi- 
mation of the quadratic relation among slant range R, 
slant speed S, altitude A, and vertical speed V at any 
given time T prior to passage over the target. The exact 
relation [see equation (V.30)] is 


% (% -6' ) (% + V) = 0 . (VIII . 16) 


Overall range sensitivities of altimeter and Sniffer may 
be kept equal, while both are varied in inverse proportion 
to a shaft position which may be assumed to represent time 
T to passage over target. Neglecting or compensating 
cathode-fol 1 ower imperfections, a Snifter using both simple 
and switched counters may then be made to produce separate 
output currents representing R/T and - 5. An alti- 
meter with similar counters may give output currents A/T 
and + V. With such data, an automatic solution exact 
for any values of the variables may be obtained by very 
simple means. 


A relay of the type indicated in Fig. VIII. -9 is the 
only special element required. Two electro-dynamometer 
instrument movements mounted on a single shaft, as in a 


two-phase wattmeter, are required. The shaft must also 
mount as shown a contact finger or other means of effecting 
relay action. Currents representing respectively H/T and 
■^/ji “ 5 in the two separate coil circuits of one dyna- 
mometer movement wil 1 produce a torque on the common shaft 
proportional to the product ^/f{ /f ^ 5). Similarly, 
currents of suitable polarity in the other irovement, repre- 
senting A/T and /j’^V, will produce an op^sitely directed 
shaft torque proportional to the product 
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If T is true time to target as assumed above, these 
torques wil] just cancel as in equation (VIII. 16), the 
shaft will not move, and the relay will not be made to 
close on either contact. If the range-sensitivity setting 
existing in altimeter and Sniffer does not exactly corre- 
spond to time until target crossing, one torque will 
predominate, the common instrument shaft will turn, and 
the relay will close on one contact. Closure of either 
contact may actuate a reversible servo motor in the proper 
direction to drive the range-sensitivity control to a 
setting truly representing time to target. Automatic 
solution for the exact value of T is thus accomplished. 

Vr- » Vr ♦ V 


n I 

"A -Vt 

Fig. VIII. -9. Product-comparing 
ralay. 

The product-comparing relay of Fig. VIII, -9 operates 
by cancellation of two electrodynamic torques, so requires 
no spring torque on the common shaft. The shaft never 
rotates by any significant amount, so variation with angular 
shaft position of the torque characteristic of the dyna- 
mometer movements is negligible* Ibis special relay would 
therefore be inherently a stable and reliably accurate 
instrument. 

For aircraft motion in a straight line in the vertical 
plane through the target, a tracking clock used as de- 
scribed in section 5b of this chapter is a useful addition 
to the exact-solution Sniffer system. Even when moderate 
vertical maneuvering is done, the time to target is not 
greatly altered except in the normal way by forward motion 
of the aircraft relative to the target, so the tracker 
retains considerable usefulness. If time lags in estab- 
lishing the four outputs R/T, A/T, and ^/f^V can 

be equalized, no corrections for vertical acceleration are 
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needed. Otherwise, such corrections need only set up the 
four data elements for some convenient common instant. 


No bias corrections to the Sniffer are required for the 
simple exact computation. If, however, residual range 
is present, or range lead R^^ is required, corresponding 
sc ale -corrected bias increments are necessary to make the 
Sniffer output currents become respectively V r 

and Similar bias correction for resid- 

ual altitude of the altimeter installation is necessary 
al 8o« 


Bomb release may be accomplished quite conveniently 
by use of the time- to- target shaft position, though allow- 
ance for time lag then becomes necessary. Neglecting time 
lags, equation (VIII. 14) indicates that 

%+v'-‘/4gT = [j^g(rf+r)- K](7j-r)/T . (viii.i?) 


helease should take place just when time to target becomes 
equal to time of fall, making the right-hand side of 
(VIII. 17) zero. Tfiat is, release should be made to occur 
when data-output voltage + V just equals a voltage HgT 
derived by a linear pot^tiometer from T-shaft position. 

Actually, the T of equation (VIII. 17) must be time from 
target at release, . Data voltage is, however, 

that for an instant of altitude determination earlier than 
Ty by a total time lag • in altimeter and bomb- 

release mechanism. Data voltage available is therefore 
+ V^, and becomes available to initiate release at 
a time to target T which is T^t^. Release will occur at 
a time to target T^ which is T^t^ if release-mechanism 
action is iniated by voltage equality at time T* Allowing 
exactly for these time lags in the case of constant verti- 
cal acceleration a, correct release will occur if initiated 
at actual time to target T by the voltage relation 


* *22 

+ alT+ = 0 . (VIII. 18) 

There is, of course, no difficulty in determining T--\ from 
a clock shaft which indicates T« 

Aside from the time-lag corrections, then, automatic 
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bomb release by this computing system merely requires 
comparison of time-shaft position with one data output of 
the altimeter. Release is computed exactly (for vacuum 
fall) if good radar data is setting the time shaft at and 
just prior to release. Lag corrections require merely the 
use of a slightly non-linear time-shaft output, as well 
as the addition of a small time -wei ghted acceleration term 
to the condition for release. 

Gjrrections have been discussed at some length in the 
case of all the vertical -maneuvering computers because 
they are responsible for much complication of basically 
simple fire-control systems using* f-m radar. A large part 
of system-development planning must therefore be devoted 
to finding methods of correction which cause a minimum of 
complication. Fig. VIII. -10 is a block diagram of a 
coirplete bombing system of the type described. Means for 
applying bomb-trail correction have not been worked out for 
the exact computer, but should not prove too difficult 
if required. 



Fig. VIII. -10. Exact computer for bombing from vertical 

maneuvers. 

Errors caused by approximations used in the other com- 
puters described are not serious in comparison to errors 
usually characteristic of f-m radar and counter operation. 
Samples of product -comparing relays which were tested 
proved too insensitive for use with tubes drawing accept- 
ably low plate current, and too susceptible to vibration 
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for satisfactory operation in aircraft. These difficulties 
might have been overcome, but actual needs did not justify 
the necessary effort. The ease with which the single-servo 
exact computer lends itself to clock tracking, as well as 
its general simplicity, does make the system attractive. 
Clock tracking might do much to render usable the impaired 
radar signals expected in maneuvering flight. 

8. Operation at 4000 Megacycles 

a. Purpose and Results. It was desired that f-m radar 
equipment be available for operation on still a third 
frequency, ih addition to the equipment developed for 410 
and 1500 megacycles per second. From available 4000- and 
6000-megacycl e frequency bands, 4000 megacycles per second 
was chosen as center frequency for further work. The use- 
fulness of higner antenna directivity and higher power than 
had been available previously was to be tested at the new 
frequency. A transmitter power of 20 watts was chosen. 

Experimental work at 4000 megacycles^ led to successful 
development of f-m radar techniques for that frequency and 
to understanding of problems involved, but did not reach 
the stage of construction of service-prototype equipment. 
Radio- frequency components had to be specially built for 
the uncommon frequency used, and transmitter tubes and 
methods of frequency modulation had to be developed from 
the very beginning. An urgent requirement that some equip- 
ment be in airborne operation as early as possible prevented 
extensive revision of the original experimental apparatus, 
when experience accumulated with it had indicated the need 
of such measures. 

When stopped after the close of the war, the 4000-tnega- 
cycle system work had reached a point at which design of 
prototype equipment could have been undertaken. Signals had 
been observed in a monitoring oscilloscope on a number of 
test flights and range-counter operation had been obtained, 
though without accurate calibration. Maximum ranges of 
three to four miles attained on targets of moderate size 
were comparable to results with the AN/APG-6(XN) equipment 
and, though no direct comparisons were made, were probably 
well in excess of ranges attainable with the AN/APG-i or 
AN/APG-17 equipments. This good result indicates that the 



370 


FREiJUENCY MODULATED RADAR Chap. VIII. 


high antenna directivity and high transmitter power were 
being used to advantage. Preliminary flight tests without 
modulation gave indications that ground speed of aircraft 
can be determined by use of the Doppler frequency shift of 
the reflected signal. The flight tests also showed that 
extreme care in reducing feed-through noise would be 
necessary to permit effective use of substantially higher 
powers at such frequencies. 

The other systems described in this chapter show how 
f-m radar data can be applied to solution of special 
problems, and call for only minor modifications of the 
radar equipment itself. The 4000-megacycle work, on the 
other hand, developed a new f-m radar data source without 
investigating special applications of the data. 

b. General Description of Apparatus. Preliminary work 
at 3000 megacycles indicated that balanced radio -frequency 
detectors can be made at such frequencies, by using crys- 
tals in carefully built and adjusted transmission-line 
circuits. However, balanced detectors have been found to 
require a multiplicity of critical adjustments and to 
exhibit inadequate stability. Only superheterodyne methods, 
not requiring balanced detection at radio frequency, were 
considered for use in the 20-watt, 4000 -megacycle system. 
Because of the extreme sharpness of filter characteristic 
required for its operation at intermediate frequencies 
then efficiently usable, the side-band superheterodyne de- 
scribed in section 5b of Chapter III. and used in AN/APG-6 
and Af^/APG-i7 equipments was not considered applicable. 

Effort was concentrated on development of a signal - 
following superheterodyne, using the principles described 
in section 5c of Chapter III. and laid out in accordance 
with the block diagram of Fig. III. -26. Development of 
this alternative method of operation and study of its 
peculiarities was considered desirable in itself. This 
system requires automatic frequency control of a local 
heterodyne oscillator, so as to follow the frequency 
modulation of the radar transmitter. Control is obtained 
by use of error signal from an intermediate- frequency 
discriminator to maintain the beat between transmitter 
and local oscillator at a substantially constant frequency. 
Badar information is taken from the received signal, at 
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intermediate frequency, by beating it with the control - 
channel i-f signal in a balanced second detector. This 
process cancels the residual frequency modulation present 
on both channels because of imperfect frequency control, 
leaving only the desired range and speed beat frequencies. 

A continuous -wave vane-type multicavity magnetron with 
a permanent-magnet field is used in the experimental equip- 
ment as transmitting oscillator, and a reflex klystron as 
signal -fol lowing local oscillator. Electronic regulation 
of the magnetron current is used to ensure power-input 
stability with changing load on the magnetron. Because 
of the need to operate oscillator and regulator cathodes 
far from ground potential and to supply several separate 
high voltages, the system is powered from a source of 
800-cycle alternating current rather than from storage 
batteries. 

Several ways of frequency modulating the transmitting 
oscillator were investigated, and none tried was found 
fully satisfactory. Variable reactances coupled to the 
magnetron separately from the output load,® and operating 
as described in section 4d of Chapter III., were tried. 
Study of circuit conditions indicated that minimum ampli- 
tude modulation and maximum frequency modulation are 
obtained by connecting the variable reactance either at 
a maximum-impedance (anti -resonant) point or at a minimim- 
impedance (resonant) point of the coupling circuit to 
the magnetron. An impedance transformation between the 
variable reactor and the coupling circuit is often advan- 
tageous. Diode-loaded resonant lines operated well as 
variable reactors, but diode life was excessively short 
because of heavy cathode bombardment, modulation charac- 
teristics depended upon magnetron loading, and adjustment 
for linear modulation was critical and not fully stable. 
Rotary capacitors were considered but not used, because 
they are not suitable for control by electrical means’ of 
the modulation sweep and thereby of range sensitivity. 
Vibrating capacitors were found to spark over or to change 
calibration, because of radio-frequency heating of the 
diaphragm at the level of transmitter power in use. 

It is probable that a satisfactory modulator using an 
externa] variable reactance could have been .developed* 
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However, magnetrons then available with single output- 
coupling loop were not suitable for such service and the 
supply of tubes with two separate coupling loops was not 
adequate for system development. No additional dual -loop 
tubes could be obtained because effort in the tube-develop- 
ment phase of the f-m radar program was concentrated on 
internal modulation by helical electron beams. The inter- 
nally modulated tubes, discussed in section 4e of Chap- 
ter III., would no doubt have been very useful, but were 
not available in time for the 4000- megacycle system tests. 

All system tests were made with magnetrons modulated 
in frequency by variation of anode current. Use of an 
electronic current regulator in the magnetron power supply 
facilitates such modulation by current variation, since 
the operating point of the regulator can be controlled by 
the modulating signal. Sweep widths up to 5 megacycles 
per second are obtained, at a modulation frequency of 
400 cycles per second. This method of modulation proved 
very simple but not fully satisfactory. 

Fig. VIII. -11 is a functional circuit diagram of the 
experimental equipment. Values of circuit elements, given 
as actually used, are illustrative and do not necessarily 
represent recommended design. The radar-beat amplifier 
most used is of the typical sloping-characteristic type, 
with selective feed back applied to the first stage and 
peak response at 25 kilocycles per second. It is not 
shown in the circuit diagram, nor is the conventional 
single limiter and meter-output range counter of the type 
shown in Fig. IV. -2. Power supplies are also conventional 
and are not shown. 

The reflex - kl ystron local oscillator, similar to the 
723A/B but adapted for 4000-megacycle operation, is of 
course pretuned by mechanical deformation of its cavity 
and frequency modulated by control of its reflector voltage. 

separate electronically regulated power supply with 
positive terminal grounded is provided for the klystron 
oscillator. Regulated plate voltage is also used for the 
d-c amplifier applying automatic frequency control to the 
reflector electrode of the klystron, and is obtained from 
the receiver power supply. A separate control -channel 
intermediate-frequency output stage supplying the a-f-c 
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Fig. VIII. -11. Functional circuit diaqran of experimental 
4000-me9acycle f -m radar. 

discriminator wi]] be noted in the circuit diagram; this 
is required to overcome tuning interaction which was 
observed between discriminator and balanced second detec- 
tor when both were driven by a common source* 

c. Difficulties and Solutions* Most of many difficul- 
ties encountered in getting the new system into operation 
fell in one broad category: noise. Noise, mostly not 
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of random nature, arose primarily in two ways: by imper- 
fections of power sources and tubes, and by spurious radar 
signals resulting from feed through or cross coupling 
between transmitter and receiver. Feed-through effects 
could be found at both the first and second detectors of 
the signal channel. Similar difficulties of course had to 
be overcome in carrying out the development of the earlier 
lower- frequency systems also. Microphonics provided ever- 
present difficulties in this as in all other airborne 
equipment. Use at 4000 megacycles of much higher trans- 
mitter power than had been used at lower frequencies 
greatly accentuated the noise problems. 

One source of noise lies in the fields of the a-c oper- 
ated heaters of the magnetron -cur rent regulator tube, as 
well as those of the magnetron and klystron tubes; none 
of these heaters can be grounded. This noise is aggravated 
by rectifier-starting pulses fed back to the power circuits 
from the magnetron power supply. A number of ordinary 
measures together proved able to reduce these difficulties 
to an acceptable level, though they were never fully 
eliminated. Other pulse noise seems related to possible 
sharp imperfections in the frequency characteristic of 
the a-f-c discriminator. Still other pulse noise results 
from small, sharp oscillation-amplitude discontinuities 
found to occur when frequency modulating magnetrons. This 
is a most serious source of noise. A final source of 
excessive noise from circuits and tubes is the magnetron 
noise described in section 3b of Chapter III. This has 
been found in a special study^ to be caused by condensible 
vapors in the magnetron cavity, and is kept at an accept- 
able level by operating the magnetron at somewhat reduced 
vol tage. 

The balanced second detector or final mixer shown in 
the circuit of Fig. VIII. -11 is used to prevent noise from 
appearing as a result of stray atnplitude modulation of 
magnetron or local oscillator. Atiplitude modulation acting 
on either the signal or control channel alone should be 
balanced out of the second-detector output. Amplitude 
modulation on a strong control -channel signal in the 
presence of a weak unmodulated signal -channel signal should 
also fail to produce unwanted output, using diodes as 
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linear detectors. Suppression of control -channel modu- 
lation was never found to be complete, however, because 
of cross coupling from the control -channel input of the 
parallelled diodes to the signal -channel input of the 
diodes in push pull. Great care in the design and con- 
struction of the balanced detector- input transformer 
reduces this cross coupling to a tolerable level. Experi- 
ments with pentagrid mixers rather than diodes in the 
balanced circuit indicate that still greater freedom from 
cross coupling could be achieved by using such tubes. 

Size and shape of the two relatively highly directive 
antennas, each using paired dipole radiators in a para- 
boloidal reflector of 16-inch mouth diameter, necessitates 
their installation side by side in the nose of the air- 
craft. This close proximity makes reduction of feed 
through, or cross coupling, directly between antennas a 
problem of major difficulty. A number of measures to reduce 
such coupling and its effects must be used together. Quar- 
ter-wave choke grooves around the reflector circumferences 
reduce coupling appreciably with the antenna systems 
mounted in the open, as does the use of spaced-dipol e 
antennas each producing a direct- radiation pattern null in 
the direction of the other antenna. 

Mounted side by side in the clear plastic nose of an 
aircraft, which serves as a radome, the antennas are 
separated by a vertical plane metal sheet or septum. This 
septum is cut to fit the contour of the radome so as to 
form as complete a partition as possible between the 
antennas. Energy reflected by the radome in front of the 
transmitting antenna can still reach the region behind 
the antennas, however, and if there again reflected will 
reach the radome in front of the receiving antenna, where 
it will be reflected still a third time and so reach the 
receiving antenna. To minimize such very troublesome 
triple -reflection feed through, a surface of special non- 
reflecting material (supplied by the Hadiation Laboratory 
of the M.I.T.) is set up behind the antennas. 

Still another source of head-end feed through is evident 
from the circuit diagram, Fig. VIII. -11. Signal from the 
transmitter, coupled to the control -channel mixer or first 
detector, will enter the line connecting this mixer to the 
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local oscillator. Through the common local -osci 11 ator 
coupling, it will then reach the connecting line to the 
signal -channel mixer or first detector, appearing on that 
mixer as a feed-through signal. Feed through of this sort 
is reduced by running the local oscillator at a high output 
level and using strongly attenuating connections (100 db. 
loss) from it to the two first detectors 

Feed through is troublesome because it results in the 
appearance of a frequency- modulated signal, just like the 
desired target -reflected radar signals, at just the places 
in the circuit where the desired signals appear. The 
spurious signal is likely to be much stronger than the 
desired signal and can therefore cause a lot of trouble. 
The measures already described reduce actual unwanted- 
signal cross couplings. They must be used in conjunction 
with other measures serving to reduce the damage done by 
such unwanted signals as remain. 

Local mixing signal arrives at the balanced second 
detector or final mixer, at intermediate frequency, over a 
path of total length determined by the electrical length 

of the connection from transmitter to control -channel 
first mixer and length from local oscillator to that 
mixer, as well as the equivalent electrical length of 
the control -channel intermediate- frequency amplifier. These 
path components are shown in Fig. VIII. -12. Similarly, 



Fig. VIII. -12.' Croaa-coupling paths. 

feed-through signal reaches the second detector over a 
path determined by electrical length of the undesired 
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cross-coupling path from transmitter to signal -channel 
first mixer and length L^ of the connection from local 
oscillator to that mixer, as well as the equivalent length 
L^ of the signal -channel intermediate- frequency amplifier. 

Equivalent electrical length of a selective interme- 
diate-frequency amplifier is proportional within the pass 
band to the slope dxp/dco of the phase-frequency charac- 
teristic of the amplifier. This is the same property used 
in the artificial calibrating delay lines described in 
section 3b of Chapter VII., the phase slope measuring 
directly the time delay of a signal front in passing 
through the selective circuit. Frequency-modulation sweep 
of the intermediate-frequency signals is reduced to a 
small fraction k of that of the transmitter by automatic 
frequency control of the local oscillator. Path length 
in the i-f channels is therefore correspondingly reduced 
in its effects as compared with equal circuit length in 
r-f portions of the system. Large equivalent path length 
can easily occur in a poorly aligned i-f amplifier, however. 
Reduction by a factor k as low as 0.02 is found possible 
in the experimental system. 

The effect of mixing a local reference signal with an 
incoming signal, whether from a distant target or through 
a local cross -coupl ing path, of course depends both on the 
total difference in length of the paths by which the two 
signals reach the final mixer and on the time rate of change 
of transmitted frequency. If the path difference is great, 
the two frequency-modulated signals will have distinctly 
different frequencies when they reach the mixing point and 
a corresponding range-beat frequency will appear in the 
second-detector output. If the path lengths differ only 
sli^tly, the frequency difference will be so slight that 
only a portion of a beat cycle occurs during a single 
modulation sweep of transmitter frequency. In this case 
the fractional beats at the second-detector output can 
only recur at the modulation frequency (or at twice that 
frequency for certain r-f phase conditions), as described 
in section 2g of Chapter IV. and shown in Fig. IV. -11. 
This is a conmon condition of operation, and is likely to 
result in overloading of the beat-frequency amplifier if 
large cross coupling is present. 
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If, finally, the two paths have exactly the same length, 
the two signals being mixed will maintain, exactly equal 
frequencies, and will behave exactly alike as their coninori 
frequency is swept in modulation. They will therefore 
produce no beat- frequency or modul at ion- frequency output 
at all from the second detector under this condition, and 
cross coupling which meets the condition will do no harm 
if it does not overload the mixers. The condition of equal 
total paths requires that the overall path difference 

d = (VIII.19) 

shall be zero, where k is the factor hy which a-f-c 

reduces the frequency swing of the i-f signals. 

It is impracticable to use delay differences between 
i-f amplifiers to cancel r-f delay differences, since the two 
delays are not likely to behave similarly under various 
disturbing influences. and must therefore be equal- 
ized by matching phase-characteristic slopes over the 
common pass band of the two annplifiers. Cross coupling by 
leakage from transmitter to signal detector through the 
control detector and the local -oscill ator connections 
provides a path of length L^ + Z^+L^. Total path differ- 
ence d for this case with i-f amplifiers equalized is 
therefore given by (VIII.19) as The connection from 

local oscillator to control -channel first detector must 
therefore be made of negligible length, while both local- 
osc ill ator connections retain high attenuation, in order 
that cross coupling through these connections will both be 
minimized and rendered harmless. 

Cross coupling may also occur over a path external to 
the antennas, for example directly between antennas, 
or by way of triple reflection from a radome before the 
antennas and some other object behind them. This case 
involves a path including also the electrical lengths 
of the connection from transmitter to transmitting 
antenna and of the ccnnecpion from receiving antenna 
to signal -channel first detector. If the two i-f amplifiers 
are equalized and 1 ocal -oscill ator connectors and 
are both reduced to negligible length or otherwise made 
equal, total path difference d can be reduced to zero by 
adjusting the length of the connection from transmitter 
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to contro] -channel first detector so as to equal the total 
length!^ from transmitter to signal -channel detector. 
This adjustment, referred to as a "line stretcher" in 
Figs. VIII. -11 and VIII. -12, can of course only be made 
exactly for a single cross-coupling path at a time. If 
several paths of distinct lengths are present at once, only 
a compromise adjustment can be made. 

Spurious modulation of the transmitted signal by micro- 
phonics, power-supply hum or other stray disturbances 
usually includes frequency modulation as well as amplitude 
modulation. Repetition frequencies of such frequency 
modulation usually lie in a useful range of radar-beat 
frequencies. Cross coupling with a small path difference 
will then produce second -detector output at the frequencies 
of the spurious frequency modulation. Because cross 
coupling is likely to be strong at best, and the spurious 
frequencies to have troublesome values, marked disturbance 
of desired operation results if path lengths are not 
accurately matx:hed. This is especially true when operation 
at very short ranges is required as in the case of an 
altimeter, the cross ••coupled signals then becoming prac* 
tically indistinguishable from the desired reflection unless 
the total cross-coupling path is accurate!|y equal to the 
total local mixing-signal path. 

To summarize, the following measures have been found 
useful to ensure good signal/noise ratio in frequency- 
modulated radar equipment using a signal -following super- 
heterodyne receiver: 

(1) Minimize electrical and mechanical disturbances, 
especially to transmitter and local oscillator 
and to objects in the field of the antennas. 

(2) Minimize modulation of the oscillators by resid- 
ual disturbances. 

(3) Minimize effect of amplitude modulation of either 
oscillator by good balance of final mixer, by 
avoiding cross coupling of the two input chan- 
nels to this mixer, and by using relatively 
strong control -channel input to the mixer. 

(4) Minimize strength of cross couplings in r-f 
portions of system by attenuation in local- 
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oscillator connections and by care in location 
and treatment of the antennas and their sur- 
roundings. 

(5) Minimize harmful effect of ^frequency modulation 
of cross-coupled signal by equalizing its path 
with that of the local mixing signal, thus: 

(a) Equalize, slope of phase- frequency char- 
acteristics of the two i-f amplifiers. 

(b) Minimize and equalize lengths of local- 
oscillator connections. 

(c) Minimize length of cross-coupling path, 
and adjust connection from transmitter to 
control -channel detector to have equal 
length. 

Much of the preceding discussion applies to all f-m 
radar systems. It is emphasized here because cross cou- 
pling was particularly serious with the adjacently mounted 
ancennas of the 4000-megacycle equipment and because a 
particularly thorough investigation of the sources of 
disturbances had to be made in the case of that equipment, 
in order to realize the good performance made possible by 
the relatively high power used. Careful use of the expe- 
dients listed above resulted in successful operation of 
the 4000-megacycle system with signal -fol 1 owing super- 
heterodyne receiver. The expedient of equalizing coupling 
paths should also aid in operation of altimeters at very 
short ranges and with antennas mounted close together. 

9. Self Calibration in Range 

hanging accuracy of 1 requeue y-modul a ted radar is pri- 
marily controlled by accuracy of modulation. Tlie simple 
averaging range counter is itself capable of great accuracy, 
particularly when used as a null device (see sections 2d 
and 5c of Chapter IV.). Accurate, stable control of 
frequency-modulation sweep width is on the other hand 
quite difficult, especially with a vibrating modulator. It 
is likely that the situation, could be improved by applying 
inverse feed back to the module tor -driving circuits, with 
the modulator-diaphragm motion included in the feed-back 
lo(^; this has not been tried. 

Another method often suggested but probably never tried 
for the improvement of ranging accuracy is inclusion as a 
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permanent part of the system of a known propagation-delay 
element to make the equipment self calibrating. Very good 
and stable accuracy should be attainable in this way, since 
the f-m radar system would act merely as a neutral device 
comparing the unknown target range to the known calibrating 
range. Two range -beat frequencies would be produced by 
the radar, with the frequencies remaining in the same ratio 
as the ranges to be compared, independently of radar range 
sensitivity. The counters or other data-comparing system 
would merely have to determine the frequency ratio, inde- 
pendently of the absolute values of the frequencies or the 
counter sensitivity. 

Self-calibrating systems using actual transmission lines 
or artificial filter-type lines are unattractive on the score 
of weight, bulk and attainable calibrating range. These 
objections do not apply, however, to the multiple-beat 
types of artificial calibrator described in section 3c of 
Chapter VII. , and wherever the need for high accuracy 
justifies the extra conplication an entirely practical self- 
calibrating system should be possible. 



Fig. VIII. -13 indicates one way in which such a system 
might be organized. A normal f-m ranging radar with a 
motor-driven modulator and a servo-balanced null counter 
is indicated. The additional calibrating channel is based 
on a source of many equally spaced fixed frequencies in the 


















382 


FREQUENCY MODULATED RADAR Chap. VIII. 


radar operating band; this source may be an oscillator 
sharply pulsed at a crystal -control led pulse frequency. 
From the beats between the sweeping radar signal and the 
"picket fence" of calibrating frequencies, a calibrating 
square wave of typical range-beat frequency is developed. 
This square wave in the calibrating channel is applied to 
a second null-type counter, working against a follow-up 
voltage derived by a fixed divider from the same source that 
supplies the servo-driven follow-up potentiometer of the 
normal radar channel. The calibrating- channel counter is 
balanced by automatic control of the total voltage applied 
to the two follow-up dividers. 

Calibrating range is determined solely by the crystal - 
controlled pulse frequency, so may be very accurately 
maintained. The limiters supplying square waves to the 
counters, the counters themselves, and the counter-null 
comparator circuits must accurately maintain a known ratio 
of counter sensitivities in the two channels. The voltage- 
division ratio of the servo follow-up potentiometer in the 
range channel will then be to the fixed division ratio in 
the calibrating channel as the actual target ranges is to 
the fixed calibrating range, so long as the automatic null 
balance is maintained in both channels. Both channels are 
fully compensated against suppl y-vol tage variations. 

Alternatively, automatic control of the follow-up supply 
voltage may be omitted if the radar is modulated by the 
usual vibrating capacitor. The calibrating channel may 
then be balanced by applying automatic control to a simple 
sweep-width compressor such a$ that used in the AN/APCr6 
and described in section 4b of Chapter VI. Fixed-error 
effects in the radar channel will normally be averaged out 
by small random variations of effective target range. This 
will not occur in the calibrating channel, however, and 
some artifice to insure averaging will be required. One 
way to meet such a requirement is to mpdulate slowly thei 
frequency of the pulsed oscillator, so that the part of its 
picket- fence spectrum of equal -strength side frequencies 
lying in the modulation band of the radar will move back 
and forth rather than remaining fixed. 

Many other sel f -calibrating arrangements are of course 
possible, but those suggested should suffice to indicate 
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what can be done. Radar speed sensitivity depends only 
on radio carrier frequency and that frequency can be very 
accurately maintained. Self calibration for speed is 
therefore inherent in the radar and requires no special 
facilities. Maintenance of calibration of switched speed 
counters is, however, quite another matter. 

10. General Purpose System 

There is sometimes need for direct indication of slant 
range to and slant rate of closing on an isolated target. 
The various special-purpose ^systems discussed have pro- 
vided just this data but have utilized it in an internal 
computer rather than simply indicating it. Requirements 
of particular computers have in some cases conflicted with 
optimum radar design for simple range measurement. A radar 
system providing both range and speed data directly in the 
form of servo-shaft positions would serve generally for a 
wide variety of special purposes. It could be designed 
specifically for optimum data determination over the widest 
possible variations of range and speed. Its outputs could 
be indicated directly or could actuate a computer for any 
special purpose. 

A general-purpose f-m radar data-gathering system with 
servo outputs was included in the development program, but 
because of urgent requirements for completion of special- 
ized systems only limited preliminary study could be given 
the more general problem before the close of the war 
terminated the program. A general-purpose system, because 
of its wide usefulness, would justify much more effort 
toward refinement of design, both as to principles and as 
to practical details of manufacture and maintenance, than 
did the various special systems. 

A fully integrated* system having shaft outputs pro- 
portional to slant range, slant speed, target azimuth, 
aircraft altitude, and vertical speed, preferably with 
acceleration components measured to permit limited data 
prediction, would have very wide applicability indeed to 
problems of fire control against isolated targets. Results 
obtained with the more limited actual equipment give basis 
for belief that such an integrated system is attainable 
within size and weight limits tolerable for use in small 
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military aircraft. 

Since no final planning was done on general-purpose 
slant-range and slant-speed radaf, no more than a few 
suggestions resulting from preliminary study can be given 
here. The problems are to provide for operation from 
minimum ranges of a few hundred feet or even less to maxi- 
mum ranges of several miles, with good and easily main- 
tained accuracy, and to cover a closing-speed range from 
about 150 to perhaps 2000 feet per second with good ac- 
curacy and negligible disturbance by the range signal. 
Because of operating limitations of individual aircraft, it 
should seldom be necessary to cover even a large fraction 
of the entire range under any one condition of adjustment. 

For reliable ranges of several miles on targets of 
moderate size, experience has indicated that a number of 
watts of transmitter power and a receiving antenna of 
appreciable effective area are required, h-f transmission- 
line losses should be kept low, for example by placing 
all r-f circuits directly at the antennas. Experience has 
also indicated that the complication of superheterodyne 
systems is justified by their reliability of operation. 

Variation of modulation frequency or sweep width is 
necessary to provide best accuracy over the widest 1 imits 
of range. There is much room for ingenuity in putting 
these variations to best use. Satisfactory sweep control 
and radar operation are obtainable over at least a 5:1 and 
perhaps a 10:1 range of sweep width; mo dul at ion- frequency 
control has been less convenient and therefore less inves- 
tigated. Where small ratios of maximum to minimum range 
are acceptable, there is much to be gained in discrimination 
against noise by using a narrow be at -frequency band. In 
that case the range servo may be made to adjust sweep 
width, and perhaps also modulation frequency, so as to 
maintain a constant range-beat frequency with varying range 
and thus permit an amplifier band only wide enough to pass 
all speed frequencies. 

Accurate range measurement is possible with range-beat 
frequencies covering a band as much as eight to ten octaves 
wide. Hie full band may be required in altimeters, where 
extremely low minimum ranges must be measured. By combin- 
ing moderate variation of radar range sensitivity with a 
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counter operating over a moderate frequency band, widely 
varying range data should be determinable to good accuracy 
and a reasonably good signal /noise ratio should be obtained 
as well. For example, the range-servo controlled unbalance 
of a null -type counter might be arranged to adjust sweep 
width in accordance with reciprocal cube root of indicated 
range, and to adjust balancing follow-up voltage to the 
counter in accordance with the square of the cube root of 
range. Operation from 200 feet to 5 miles would then be 
obtained with a 5:1 variation of sweep and a 4K-octave 
be at -frequency band; the gain- frequency characteristic of 
the beat -frequency amplifier would be arranged to rise at 
about 8 decibels per octave. 

The problem in speed measurement is to prevent large 
range frequencies from disturbing the measurement of smal 1 
speed frequencies, as a result of inadequate switched- 
counter balance or some equivalent imperfection. It is 
very difficult to avoid having a large range frequency 
together with a small speed frequency under some condition 
of operation, if wide variations in both range and speed 
are to be indicated. Alternate operation of the radar with 
and without frequency modulation, to permit alternate 
measurement of range only and of speed only, has been 
suggested. Experience with residual stray modulation, 
particularly in the development of the AN/SPN-2 , has 
indicated that this might be difficult, but it is certainly 
a possible solution. 

Another type of modulation control that has been sug- 
gested and might repay development requires that the 
product of modulation frequency and sweep width be made to 
vary linearly with indicated speed and reciprocally with 
indicated range. This system has the interesting property 
that range frequency is maintained in constant ratio to 
speed frequency, and radar beat frequency during the fre- 
quency-modul ation downsweep in fixed ratio to that during 
the upsweep. The possibility of limiting fractional speed 
error due to counter unbalance therefore exists, and 
requires no particular complication, but appears also to 
limit unduly the variations in range and speed that can 
be handled. 

Had it been developed, the general-purpose servo- 
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output range and speed radar would have been the logical 
culmination of the single-target portion of the f-m radar 
development program. These suggestions as to paths that 
the development might have taken seem a fitting ending to 
the present discussion of special developments proposed 
or accomplished. 

11. Systems Related to F-m Radar 

Principles and techniques typical of fiequency-modul ated 
radar are also applicable to other systems which are 
related or similar to but are not truly f-m radar. A few 
of the related systems so far proposed or developed may be 
mentioned here. 

Continuous-wave measurement of speed only by Doppler 
effect is typified by the AN/SPN^2 system described in sec- 
tion 7 of Chapter VI. Other c-w systems, in which the 
Doppler beat is presented aurally and speed is not actually 
measured, have also been quite extensively developed and 
used.® Tbese systems make use of the remarkable capabili- 
ties of the human ear for detecting and interpreting weak 
signals in the presence of noise. Such systems are par- 
ticularly valuable where a small moving target must be 
detected in the presence of many large fixed reflectors, 
for example in the detection of an airplane flying among 
mountains or of a soldier moving in a forest. 

In difficult detection problems such as those just 
mentioned, determination of range is desirable but of 
secondary importance. Some range informaticn is obtainable 
by multiple- frequency continuous-wave operation,® target 
ranges being determined by relative phases of the speed- 
beat signals on the several frequencies. Various keyed 
Doppler systems® also provide varying' amounts of range 
information on moving targets. Some of these systems 
remain operative in the presence of extremely strong 
unwanted signals from fixed targets. Oie keyed system, of 
possible interest but not yet developed, is that using a 
continuous signal with square-wave modulation or keying of 
its frequency. As mentioned in section 4i of Chapter II., 
this would give range information in terms of phase jumps 
in the Doppler-beat signal. 

As a result of the development of pulse-radar techniques, 
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distance measurement by means of pulse receiver- retrans- 
mitters or transponders has come into use. Similar systems 
based on f-m radar techniques® are entirely possible. To 
measure the distance between two points in this way, a 
frequency-modulated transmitter and a receiver would be 
set up at one of them. At the second point, the frequency- 
modulated signal from the transmitter at the first point 
would be received and used to control another transmitter, 
also at the second location, which would retransmit, on 
the same or another frequency, a faithful replica of the 
received modulation. Received at the first point, this 
retransmitted frequency-modulated signal would be compared 
with that being transmitted directly. As in f-m radar, 
this comparison would yield a beat signal of frequency 
proportional to the time lag produced or distance covered 
in the round trip between the points in question. Where 
one transponder must cooperate in a number of independent 
distance determinations simultaneously, pulse technique 
seems more simply applicable than that of frequency modu- 
lation. 

Another non-radar application of radar techniques is 
the determination of position in terms of the difference 
in time lag for propagation of signals over two distinct 
paths. In the pulse case, this application has become 
well known as the Loran system of navigaticm. An analogous 
use of f-m radar techniques has also been proposed.^ In 
the f-m case, a single frequency-modulated radio signal 
would be simultaneously transmitted from two well separated 
reference points, with a controlled time delay in one 
transmission. The frequency of the beat developed between 
the two transmissions at a single receiving point would 
measure the' difference of the distances from the two trans- 
mitting points to that receiving poii^t. 

The particular hyperbola, with the transmitting points 
as foci, which passes through the receiving point is de- 
termined in such a system by the difference of distances to 
the two transmitters. Intersection of two such hyperbolas, 
each determined by transmissions from a separate pair of 
reference points, determines conpletely the location of the 
receiving point (except for certain ambiguities). Bate of 
frequency change in modulation and delay of the later 
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transmission would be chosen, in relation to the separation 
of the transmitting points, to give convenient minimum 
and maximum values for received beat frequency. There 
would be no ardbiguity as to which transmission was being 
received first if the delay applied to the later trans- 
mission exceeded that for propagation over the distance 
between the transmitting points. This is a system which 
might prove highly practical and useful if developed, 
because of the ease with which automatic flight can be 
controlled by using f-ra radar techniques. 

12. NOTATION AND REFERENCES 

a. Notation^ The algebraic notation listed alpha- 
betically below has been used in this chapter. 
a Vertical acceleration (positive upward). 

A Aircraft altitude. 

A^ Value of altitude at the moment when it is measured. 

A^ Maximum altitude in operating range of equipment. 

A^ Value of altitude at moment bomb is released. 

A Value of altitude at moment slant range and speed 

* ore measured. 

C Capacitance in differentiating circuit. 

d Total difference in electrical length between feed 

through and mixing-signal paths from transmitter 
to mixer of f-m radar system. 

D Coefficient of slant speed in rocket -sigh ting cg>- 
proximation. 

e Total output voltage of radcu* counters, or of dif- 
ferentiator. 

Bias component of radar output voltoge. 

e Value of total radar output at which relay opera* 

^ tion occurs; also, input voltage to dif ferentiotor . 

Feed-back voltage in differentiating circuit. 

Radar modulation frequency. 

Mean radio frequency of radar transmission. 

g Downward acceleration of gravity. 

G Gain of feed-back 'amplifier in differentiating 

circuit. 

speed sensitivities of counters. 

H ,H Limiting horizontal closing speeds of aircraft 
^ * relative to target. 

i Current in differentiating circuit. 
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Ratio of frequency -sweep reduction in signal- fol- 
lowing superheterodyne. 

Range and speed sensitivities of radar. 

Partiol range coefficient in rocket -sighting ap- 
proximation. 

Electrical -length components in feed-through and 
mixing -signal paths of radar system. 

Resistance in differentiating circuit. 

Vol tage-div iding resistors in modulation-control 
circuit. 

Slant range or distance between radar and target. 
Range increment for special purposes. 

Residual electrical range in transmission lines. 

Slant speed of approach of radar to target. 
Speed-axis intercept of linear range-speed relation. 

Time . 

Time interval required for radar to move from 
present position to vertical through target. 

Time interval required for foil of bomb. 

Operating time- to-torget limits of equipment. 

Time to target at instant of bomb release. 

Change in time to target for release required to 
compensate bomb trail. 

Slope of linear range-speed approximation. 
Vertical speed of aircraft (positive upward). 

Vertical speed acquired in free foil from rest 
through altitude A, 

Value of vertical speed at moment of bomb release. 

Value of vertical speed at moment when slant range 
and speed are measured. 

Volue of vertical speed at moment when it is meas- 
ured . 

Width of radio- frequency band swept in frequency 
modulation. 

Width of i-f band swept by residual modulation in 
signal -following superheterodyne. 

Operating limits of width of modulation sweep. 

Angular depression below horizon of line of sight 
from radar to target. 

Angular depression below line of rocket lounchers 
of line of sight to tcorget. 
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j3^ Reference value of rocket-sight depression angle. 

T Time constant of feed-back servo in differentiating 

circuit. 

T Time lag between occurrence of altitude value and 
^ availability of altitude datum for use. 

Time log in bomb -release mechanism. 

T Time lag between occurrence of slant -range and 
slant-speed values and occurrence of operation 
based on those values. 

T Time lag between occurrence of vertical -speed value 
^ and availability of vert leal -speed datum for use. 

(f> Dive angle of aircraft path, 

v// Phase shift in i-f amplifier. 

O) Angular frequency 
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MULTIPLE TARGET SYSTEMS 

1. General Characteristics 

Frequency-modulated radar systems capable of distin- 
guishing sharply among a multiplicity of targets may be 
used in either of two ways. They may be made to lock onto 
and track the motion of a chosen target without disturbance 
by other targets, or they may be used to search out and 
indicate the locations in space of a number of targets. 
Selective tracking methods were not studied extensively 
enough to merit discussion here, though reference may 
be made to the time tracker described in section 5 of 
Chapter VIII., which possesses some selectivity by virtue 
of its relatively narrow beat- frequency pass band. 

Search systems of course invite comparison with the 
widely used pulse -radar systems. Searching of the space 
around the radar in various directions is accomplished by 
mechanical motion of a beam-forming radiating element, 
whether the radar is frequency modulated or pulse modu- 
lated. This causes the search beam to take up successively, 
or scan, all directions from the radar to those portions 
of the surrounding space that it is desired to investigate. 
Directional scanning in the case of f-m radar is distin-- 
guished from the pulse-radar case only by the increased 
irqportance of minimizing fortuitous coupling of f-m signal 
from transmitting to receiving channel, which may necessi- 
tate synchronized scanning with two antennas, and by the 
relatively infinitesimal amount of effort devoted to develop- 
ment for f-m use. Since direction scanning for f-m radar 
esdiibits neither novejty nor distinction from pulse radar, 
it will not be discussed further. 

Searching in range, for a single direction, is the 
function in which wide practical divergence among possible 
radar systems becomes evident. In pulse radar, range 
scanning results naturally and automatically from the very 
rapid inherent outward propagation of each radiated pulse 

391 



392 


FREQUENCY MODULATED RADAR 


Chap. IX. 


front. Indication follows equally naturally by moving an 
indexi normally the point of impact of an electron beam 
on a fluorescent screen, along a coavenient range scale. 
This index motion is in exact synchronism with the outward 
motion of the pulse front, but at a greatly reduced speed. 
At the instant that the pulse reflected from a target at a 
given range returns to the radar, it intensifies or dis- 
places the moving index at the proper point of the scale 
to indicate presence and range of the target. 

No such simple and natural method of range scanning and 
indication has become evident in the case of f-m radar. 
The methods used resemble rather those for "gating” pulsed 
radar. Each range corresponds to a different beat-note 
frequency, for any single condition of periodic frequency 
modulation. The required indicator is therefore of the 
nature of a spectrum analyzer, and as many f-m radar range- 
search systems can be contrived as there are possible types 
of analyzer. 

Using a fixed condition of modulation, all range-beat 
frequencies may be applied simultaneously and continuously 
to a multiple-channel selective analyzer of fixed charac- 
teristics. This is the analogue of optical spectrum 
analysis by an ordinary prism or grating spectrograph. 
Indication may be by means of a multiple-element indicator, 
with one element continuously connected to each selector 
channel. One example of a combined multiple-channel 
selector and indicator is the well known Frahm reed fre- 
quency meter. Alternatively, each channel of the multiple 
selector may be connected in turn to a single-channel 
scanning indicator. Or, a single variable selector may be 
scanned across the be at -frequency output spectrum produced 
by the radar, in synchronism with the scanning of an 
indicator to show the selector output. This is the ana- 
logue of optical spectroscopy using a spectroscope as an 
adjustable monochromatic illuminator. It is also the 
analogue of range search with a movable gate in the case 
of pulse radar. 

Another method useful for searching in range with f-m 
radar has no analogue either in optics or pulse technique. 
In this method a single fixed- frequency selector is used and 
the target spectrum is scanned past it by varying the range 
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sensitivity of the 
radar. Two modifi- 
cations with some- 
what different pro- 
perties are possi- 
ble, since the 
rate of change of 
transmitted fre- 
quency and corre- 
spondingly the ra- 
dar range sensi- 
tivity may be va- 
ried by adjust- 
ment either of the 
frequency band 
swept in modula- 
tion or of the 
modulation fre- 
quency. Simpler 
equipment than is 
necessary for the 
multiple- channel 
method suffices for 
a single- channel 
selector with a 
range -s ens i ti vi ty 
scan, but perform- 
ance is better in 
the multiple-chan- 
nel case. 

Table K. -1 ex- 
hibits a number of 
ways in which f-m 
radar search sys- 
tems might be ar- 
ranged. Some of 
these systems will 
later be compared 
in theory as to 
signal/hoise ratio, 
limiting range, 
range resolution. 



Fixed Variable Single Fixed Fixed Scanning Fraction 

Fixed yariable Single Fixed Variable Scanning Arbitrary 
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and rapidity of action; effects of target motion wi]] be 
neglected in such comparisons. One system was built in 
experimental form as the AN/APQ-^19 equipment and was given 
limited field tests; this equipment, of the class designated 
Cj in the Table, will be further described. Methods of 
avoiding confusion by target motion and of distinguishing 
moving targets from stationary ones will also be discussed. 

One general characteristic of target-selective f-m 
radar requires mention before special cases are discussed. 
Periodicity of the radar modulation requires that the 
selectors be repeatedly excited at frequent intervals. 
Selectors inherently require a finite time to respond to new 
excitation, and the delay so occasioned is proportional 
to the sharpness of selection. Each frequency sweep must 
last long enough to permit the selectors to develop an 
adequate and definite response. There is thus a fundamental 
limitation to the rapidity with which frequency -modulated 
radar can gather information. The analogous limitation 
that occurs in the case of pulse radar proves less restric- 
tive under practical conditions. 

2. Performance and Parameters of Search Systems 

a. General* For purposes of later comparison, some 
aspects of the performance of pulsed and variously fre- 
quency-modulated search radars will now be calculated. A 
number of assumptions must be made concerning each of the 
systems to be compared, and the results obtained^'* are 
considerably influenced by the details of these assunptions. 
The final comparisons must therefore be regarded as only 
qualitatively significant. 

Effects of directional scanning should not depend upon 
type of modulation, so comparisons will be made only for 
the case of range scanning with a fixed directional beam, 
or " seal: chi ighting'\ Directional scanning would reduce 
maximum working range for any of the systems considered, 
probably to a similar degree for each. Effects of direc- 
tive-antenna power gain and of echoing area of target 
likewise should not depend upon type of modulation or 
indication, so will be included as a typical factor common 
to all cases. 

For the 18-inch parabolic reflectors designed for the 
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AN /APS- 3 pulse radar and used also in the AN/APQ-19 f-m 
search system, the effective antenna area A^ is 20 square 
wave lengths (geometrical area 29. 2^?) at the 7.5-cm., wave- 
l^gth used in the AN/APQ-19* For a medium- sized surface 
vessel acting as a target at that wave length, a mean 
effective scattering area of 8000 square meters may be 
assumed. With such antennas used against such a target, 
equation (11.33) indicates that an available echo power 
P^of 1. 21xl0“^®ff“^ watts will be received, at a range of 
R nautical miles, per watt radiated by the transmitting 
antenna (one nautical mile is 6080 feet). 

Comparisons will be made on a basis of equal range 
resolution, so far as different types of resolution obtained 
with different systems permit. Data-gathering time inter- 
vals will also be held equal so far as inherent differences 
permit. An average radiated power of one watt will be 
assumed in each case for purposes of comparison. 

b. Pulse Case* To make the field of comparison com- 
plete, some pulse- radar performance factors will first be 
set up. Transmitted pulses having rectangular form and 
lasting one microsecond will be assumed. These will be 
converted by a receiver having an optimum selectivity 
characteristic to triangular output pulses 2 microseconds 
wide at the base, so that targets separated in range by 
1000 feet or more will be definitely resolved (that is, 
indicated as distinctly separate). The indefiniteness of 
meaning of some of the assumptions here made is well illus- 
trated by the fact that this pulse may resolve on occasion 
targets separated by as little as 500 feet, though its 
typical resolving power will be considered to be 1000 feet. 
The total transmitted energy per pulse, for the shape and 
duration assumed, is 10" joules, where P^ is r-m-s power 
in watts at the peak of the transmitted pulse envelope. 
For an average transmitted power of one watt and a repeti- 
tion frequency of pulses per second, the energy per 
pulse will be 1/f^ joules and peak power will be 10®//^ 
watts. 

Extensive empirical analysis of actual A-scope pulse 
observations® has indicated that, in order to be just dis- 
cernible in the presence of random noise, each rectangular 
received pulse must have a total energy of at least 
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t/.,= t/^dezo//,)*^ (IX.1) 

t/jj is the equivalent noise power per unit frequency band 
at the receiver input, as determined from the receiver- 
output noise power in terms of the gain of the receiver 
and its noise band width A/; t is the duration of the 

p 

rectangular input pulse. 

An unpublished theoretical study by D. 0. North has led 
to the similar but more general conclusion that 

Here, 6 is a factor depending cm the statistical criterion 
chosen for a just-discemible signal, D is a factor charac- 
teristic of the type of detector used and never in practice 
far from unity, and 6 is a term occurring for visual obser- 
vation and related to the finite contrast threshold of the 
eye- K is a function of which the form depends on the 
shape of the pulses and that of the receiver-selectivity 
characteristic; for definite shapes, the value of K depends 
only on that of the product t^A/(for other than rectangu- 
lar pulses, may be defined as duration of a rectangular 
pulse having equivalent energy and peak power)* Since 
too broad a receiver will pass excessive noise without 
increasing the signal, while too sharp a receiver will 
reject some of the signal without comparabJy reducing 
noise, K will always exhibit a maximum for some optimum 
value of t^A/near unity. With receiver noise band A/ 
designed to be I'ust the factor K in the empirical 

form 4/ A / ^ A/]^ reaches its maximum value of unity. 

The number n of pulses integrated by the eye and brain- 
or other observing mechanism, is effective 

time of integration. Integration of coherent data from 
many pulses of course reduces the disturbing effect of 
random noise. Because of the additive term €, the inverse- 
square-root dependence of on or n given by the 

theory may be quite compatible over a limited region with 
the observed apparent dependence on inverse cube root of 
Other observations^ support within limits the inverse- 
square- root form. The difference is of little practical 
importance, and the better known form of(IX.l) 
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wi]] be used in the comparisons made here. 

For a noise temperature T of 300%. and an assumed 
receiver noise figure of 40 (16 db. above thermal, for a 
receiver which does not reject image response), the noise 
power per unit band will be ^OkT or 1.64x10“’^® joules. 
In the case under consideration, the received pulse energy 
is 1.21xl0"^®i{“^/p*^ joules, and by (IX. 1) must at least 
equal 1.64 (1. 67) xl0*^®/^“^^® joules in order to be 

observed in the presence of random noise. The range differ* 
ence SjK resolved by this pulse radar is 1000 feet, all 
data is repeated at time intervals 1/f^, and noise*limited 
operation is possible out to a maximum range R^^^^ of 
nautical miles. At a normal radar-pulse rq3eti- 
tion frequency of 2000 per second, peak pulse power will 
be 500 watts and a maximum range of 25 miles is to be 
expected. At a low repetition frequency of 10 per second, 
peak pulse power must be 100 kilowatts and the correspond- 
ing maximum range is 60.5 nautical miles. An intermediate* 
frequency noise-pass band A/ of one megacycle is required 
in the receiver, to satisfy the optimum condition in t^Af 
for the postulated 1-microsecond rectangular received 
pulse. 

Both total energy per pulse and average transmitted 
power must be as large as possible to maximize the noise- 
limited range of a pulse radar. For a fixed available pulse 
energy, a high repetition frequency is desirable to assure 
adequate average power; this fact is quite well known. In 
the present discussion available average power is held 
fixed, with the consequence that a low repetition fre- 
quency is found desirable to assure adequate pulse energy; 
this aspect of the matter is not so well known. The 
practical difficulty of supplying sufficient energy per 
short pulse to maintain reasonable average power at very 
low repetition frequencies is disregarded here. With 
receiver frequency- response characteristic kept properly 
matched to pulse duration, maximum range is determined 
independently of range resolution in the case of pulse 
radar. 


c. Multiple-Channel F-M Case. It was shown in sec- 
tion 41 of Chapter II. that the nature of the frequency 
modulation used sets a fundamental limit to the minimum 
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separation at which targets can be individually distin* 
guished by f*m radar. This limiting separation BR^ 
analogous to the fixed error of single- target systems, is 
of the order of )ic/W for a frequency-modulation band of 
width V; this is one half the sweep wave length, or wave 
length of a signal of frequency JH* A range difference of 
%c/W will, according to the basic range-sensitivity equa- 
tion (11.22), produce a range-beat frequency difference of 
2/^, with triangular frequeicy modulation at a frequency 
/^. Selection must start afresh with each half cycle of 
modulation, and a selective circuit sharp enough to sepa- 
rate frequencies differing by 2/^ can only come into full 
c^eration after a time lag of the order of l/(2f^)» That 
is, the fundamental resolution limit corresponds ih prac- 
tice to the selection capability of a filter which has only 
a limited time to act. 

In order of magnitude, a selective circuit having a 
noise band width A/ will reach a substantially steady 
operating state in a time j/A/ after a steady signal is 
applied to it (overall time lag, which delays but does not 
distort the signal, is here neglected). The exact rela- 
tionship will depend on circuit details. It will be 
assumed here for purposes of comparison that a selective 
circuit with response time i/A/ will distinguish definitely 
between signals differing in frequency by %^f; this is at 
least the right order of magnitude for the resolution 
attained. Complicating effects of Doppler frequency change 
caused by target motion will be neglected for the present. 

Direct empirical data for evaluation of minimum dis- 
cernible signal is totally lacking in the case of f-m 
radar. Analogy with pulse operation permits some conclu- 
sions to be reached, however. For a single, isolated, 
linear sweep of transmitter frequency, the received signal 
from any one target at fixed range gives rise when mixed 
with the transmitter output to a burst or pulse of beat- 
note signal of constant frequency. Tliis pulse of signal, 
at the range frequency for that target, has a rectangular 
envelope. Periodic frequency modulation produces a series 
of such beat-note pulses, at a repetition frequency 
which is 2/^ for triangular or synometrical- sawtooth modu- 
lation. 
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Pulse duration is 1/(2/^), reduced by time lost at 
modulation turn around. Lost time t required for signal 
propagation (no other time loss will be considered here) is 
2R/c, and may be specified as a fraction p of the duration 
of a single sweep. The useful pulse duration is then 
(l^p)/i2f^) , or These long beat-note pulses, 

following each other without other pause than the time lost 
at turn around, will be treated in just the same way as 
ordinary radar pulses. Each of the multiple selective 
channels may be treated as a pulse- radar receiver, when a 
single indicator scanning all channels once per single 
modulation sweep is used. TTiis is a system of class A 
of table IX. -1'. A multiple-channel indicator, might yield 
slightly different results. 

According to (lX.l), the noise band of each channel 
should be 2/ /(i-p) cycles per second, for optimum response 
( to pulses lasting (i*p)/(2/^) second. The minimum 
beat-frequency difference for ^target resolution (®/aA/) is 
tnen 3f^/(i-p). By equation (11.22), this corresponds to a 
range resolution 8/i of 3c/[U(l-^p)W\ or %\/( }^p) $ which 
is 737/[( i-p) B'] feet if B' is in megacycles per second. 
Modulation sweep width V alone thus determines the range 
resolution, so long as p«l. Under the same condition, 
modulation frequency alone determines the pulse duration 
tp, hence with a constant transmitted power level the 
total transmitted energy P^t per pulse, as well as the 
data-integration factor (1670/1^,)^'^®. thus sets the sig- 
nal/noise ratio of the system for a given range. Resolution 
and maximum range are therefore separately controllable in 
multiple*indicator f-m radar, as in the case of ordinary 
pulse radar. 

Beat- frequency pulses are applied to all filters in quick 
succession, without major idle periods. Decay of the filter 
response to the preceding pulse therefore affects its 
response to each currently occurring pulse. Since succes- 
sive beat pulses are substantially incoherent in phase 
unless range is almost perfectly constant, this effect of 
previous -pulse decay is normally a random one and amounts 
to an increase in noise level. The added noise caused by 
previous pulses is small if the filters reach substantially 
a steady state during each pulse. 
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For a resolution of 1000 feet, a sweep width W of 
0.737/(i-/o) megacycle is required. All data is repeated 
at time intervals of l/{2f ) or 1/f^. Received energy per 
pulse is 1. 21x10" joules for a steady trans-- 
mitted power of one watt. Minimum discernible pulse energy 
is 1.95x10"^®/^"^'^ joules for a receiver (with no image 
rejection) having a noise figure of 40 and a noise tempera- 
ture of 300®K. If p can be neglected, equating received 
energy to minimum discernible energy again gives just the 
maximum range 88.8/“Ve miles found in the pulse-radar case. 


Results that do not neglect the lost- time fraction p 
can be obtained quite easily. Equation (IX.l) for minimum 
discernible beat-note pulse energy is still directly usable 
(with tpA/ still unity), but received-pulse energy as 
determined from equation (11.33) should now be expressed 


in terms of p. 
process gives 


U P 

r p r 


Since p is by definition 2f R/c, this 
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as tne received energy per beat-note pulse. Repetition 
frequency is found in terms of lost time p^ at maximum 
noise- 1 imited range, by equating energies as given by 
(IX.l) and (IX.3), to be 
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Maximum range is then 


t a e 


K [2TTFmT 


< 2/,/^ ) - i (K. 5) 


F^ is mean radio frequency and the corresponding wave 
length, while is 1670 cycles per second, the empirical 
reference value of repetition frequency in equation (IX.1). 

Assuming again a transmitted power of one watt, radio 
frequency of 4000 megacycles per second, noise figure of 
40, noise temperature of 300^K. , effective antenna area 
of 20 square wave lengths, and effective target area of 
1. 42x10* square wave lengths of 7.5 cm.), the dimen- 
sionless coefficient within the curly brackets of each of 
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the above equations has the value 1.38x10 Inserting 
numerical values, 

4 = 3560py^>i 1 ) cycles per second (IX. 4a) 

and 

^ ^ ^ ^ nautical miles. (IX. 5a) 

These equations express the implicit relation between 
*nd in conveniently calculable parametric form. 
The explicit relation between R^^^ and directly is a 
cubic equation and so is not convenient fpr calculation. 

At a repetition frequency of 2000 per second, or modu- 
lation frequency of 1000 cycles, (IX. 4a) indicates that 
51.5 per cent of the time is lost in propagation. This loss 
reduces maximum range from 25 to 21 nautical miles, and 
increases the modulation sweep required for 1000- foot 
resolution from 0.74 to 1.52 megacycles per second. At 
10 repetitions or 5 cycles of modulation per second, the 
lost time is only % per cent, reducing maximum range by 
a negligible amount from the pulse-radar value of 60.5 
miles, and increasing required sweep only from 0.74 to 0.75 
megacycles. 

Let R^^^ be the mean range of the maxi mum- tange channel, 
which responds to targets at ranges within a region of 
depth SiJ. Likewise, let R^^^ be the mean range of the 
minimum-range channel, and let all filters have equal pass 
bands, so that each one of the multiple channels will have 
the same range resolution Si}. Tlie number M of filters or 
range channels required will then be simply 

Individual channels should be tuned to frequencies differing 
by *4 A/, which is 3/^/(i*"P)* \Hfith 1000-cycle modulation 
(2000 repetitions per second), 127 channels each 1000 feet 
wide would be required to give operation from a minimum- 
range channel centered at 500 feet out to a maximum range 
of 21 nautical miles; 100 channels would permit operation 
down to a minimum range of 4.7 miles. With 10 repetitions 
per second (5 -cycle modulation), 367 channels would give 
operation from zero range (500 feet) out to 60.5 nautical 
miles. 

The quantities p,, and are all closely related 
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for noise -limited "searchlighting” operation of a multiple- 
channel f-m search radar. If any one of these charac- 
teristic quantities is assigned a definite value, the other 
two are definitely determined. The pair of quantities V/ 
and hR are also closely related, so that if one of them is 
now assigned a value {p having already been specified), 
the other is determined. The quantities M and R^^^ are 
related, and specification of either iR^^^ being already 
determined) fixes the other. That is, if one characteristic 
in each of the above three groups is specified, the limiting 
performance of the system is entirely determined. The 
performance parameters likely 
to be directly specified and the apparatus characteristics 
Pn> transmitted power to be determined indirectly 
by such specification. If an unreasonable value of some 
apparatus characteristic results, the performance specifica- 
tion must be modified. 

d. Single Channel with Variable Tuning. Scanning 
in range with a frequency-modulated radar having only one 
selective channel introduces new limitations and new rela- 
tionships. Perhaps the simplest single-channel case is 
that in which modulation conditions are fixed and tuning of 
the selective channel is varied. This may be done for 
example by observing the beat-note output of the radar 
oscil loscopical 1 y with the aid of a wave analyzer of the 
well known heterodyne type, which passes a frequency band 
of constant width. The oscilloscope is to be swept in 
synchronism with the wave-analyzer tuning, so as to produce 
the widely used "A-scope" type of radar indication, with 
target strength plotted on one axis against range on the 
other axis of the oscilloscope screen. This method of 
range searching belongs to class of table IX. -1 and is 
analogous to use of a sweeping range gate in pulse radar. 

Each successive increment of range to be resolved will 
be examined separately for the duration of one single sweep 
of transmitted frequency. Repetition frequency of the 
individual sweep must now be distinguished from the fre- 
quency at which the complete range search or scan is 
repeated. In the pulse-radar and multiple-channel f-m 
radar systems, with all range elements searched during 
each single sweep, there was no distinction between search*- 
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repetition frequency and pu] se- repetition frequency /^ . 
In the single -channel f-m radar scanning in range, or 
2/^ must evidently equal Nf^, where is the number of range 
elements to be searched in succession. N is now given 
in terms of R^^^» ^min* equation (IX.6), just as 

M was in the mul tipi e -channel case. 

Useful duration of the received beat-note pulses, which 
determines both the useful energy transmitted per pulse for 
a fixed average power and the usable selectivity of the 
single filter, is again {l-p)/f^ or (f*P)/(2/^). Equation 
(IX. 3) therefore still holds for received -pul se energy. 
The frequency which controls data integration is now that 
of the complete search, however, so must replace in 
using equation (IX.l) to fix the minimum discernible signal. 

If lost -time fraction p is negligible compared to unity, 
setting received-pulse energy equal to rniinimum-discernible 
energy again gives simple power-law expressions for R^^^* 
Wiith the usual values for power, wave length, antenna and 
target areas, and receiver noise, is 88.8/,^'ia/ , 

88. 8/\r^/‘2 or 88.8Ar^/‘‘/g'^/® nautical milea The 
performance penalty paid for repeated use of a single 
selective channel is particularly evident from the last 
of these expressions, which with applies also to pulse- 
radar systems and multiple-channel f-m systems. Successive 
scanning of 81 range elements reduces maximum noise-limited 
range to one third of its multiple-channel value, other 
things being equal. 

Holding constant, a convenient explicit relation 
between and directi y can easily be obtained from 
(IX. 3) and (IX.l), without neglecting p. Since is not 
likely to be arbitrarily chosen in practice, however, such 
a relation is not very useful. Practically important ap- 
paratus-design variables are /*, which determines the speed 
of data gathering, and M, which determines the number of 
points to vdiich the single filter must be tunable. Equating 
energies from (IX.l) and (IX.3), with replaced hy Nf^ in 
the latter, there result instead of (IX,4a) and (IX. 5a) 

/g = 3560^ i) cycJes/second (IX. 7) 

and y " az 

R =22.7W''^*/0 ^ nautical miliis. (IX. 8) 

a ft X a 



404 FREQUENCY MODULATED RADAR Chap. IX. 

For multiple-channel operation, with only one modulation 
sweep per complete search, these expressions reduce imme- 
diately to (IX.4a} and (IX.Sa) 

One quantity alone no longer suffices to determine and 
hut any two of the three simply related quantities 
N, and will determine the third, and and R^^^^ as 
well. Once N and / , for example, have been specified and 
p^ and R^^^ have been determined from them, one and only 
one of the further related quantities SR, W, or may 

also be specified. The noise-limited performance of the 
system is then completely determined. The .final choice is 
not entirely free, since a value of H' or 8i? that made R^^^^ 
negative would not represent proper use of the N range 
elements provided by the radar. Nor may N and be chosen 
ao large that (IX. 7) gives an excessive value for lost- 
time fraction p^ at maximum range. Excessive lost time 
would require an excessive width H' of frequency sweep to 
realize a given range resolution hR, since 

= 3c/[4(i-p)8i{] . (IX.9) 

Specification of performance parameters R^^^ and SR would 
be preferable to specification of N, but would not lead so 
directly to a complete desiam. 

If 100 range elements are searched in succession 10 
times per second (modulation frequency 500 cycles per 
second), equation (IX. 7) indicates that 22 per cent of the 
time is lost in propagation at maximum range. Equation 
(IX* 8) then gives 17.8 nautical miles as the maximum range 
on the 8000-square-meter target used in these conparisons. 
From (IX.9), the frequency sweep required for 1000-foot 
resolution is 0.95 megacycles per second. R^i^f which is 
1)SR, is then 1.55 nautical miles or 9400 feet. 
The range-beat frequency spectrum to be analyzed extends 
from 18 to 208 kilocycles per second, the required noise 
band of the filter being 1280 cycles per second. 

Resolution at less than maximum range could be improved 
.in the single-channel, variable-fil ter system oy changing 
the filter selectivity to agree with the value of p for each 
range element. Different selectivities might be employed 
similarly in the separate channels of a multiple-channel 
system. This refinement would be a considerable conqplica- 
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tion and would not improve performance at maximum range | 
so will not be considered further. 

e. Single Channel with Variable Sweep Hidth. It is 
especially convenient in practice to use a single fixed- 
tuned selective channel and to scan the range spectrum over 
the pass band of this filter, by control of the rate of 
change of transmitter frequency in modulation. Rate of 
change of frequency is conveniently controlled by varying 
the width of frequency-modulation sweep, while maintaining 
constant duration of sweep (that is, constant modulation 
frequency). This is the system classed as in Table 
IX. -1. hate of change of frequency should alter suddenly 
between successive linear sweeps, with accurately constant 
rate during each sweep. 

Useful pulse duration at maximum range will again 
be where is again 2/^, and is matched by a 

filter noise band A/ of cycles; resolved frequency 

difference will again be taken as ccxistant at 
The resolved range difference S/} will therefore be again 
while actual range R observed with a filter pass 
band centered at a fixed frequency /q will be cf^/HW/^). 
Since p is ^f^R/c, must be just pW. Range resolution 
hR now varies as If is changed but the fractional resolution 
bR/R, which may be called simply 8, is given by 

8 = hR/R = 3fJl(l-pJfJ (IX. 10) 

and is obviously constant throughout the range search. 
From one range element to the next, range increases by 
the constant factor i + S. N is again the total number of 
resolvable range channels scanned in succession, and the 
limiting channels are again centered on R^^^ and R^^^* 

II one range element is observed for each successive 
single sweep, if range search proceeds outward, and if time 
is measured from the start qf each complete range scan, 
then 2 f t 

^ (IX.11) 

R^ is the central range of the i^^ region scanned and 
is the time at the start of the i^^ frequency sweep. The 
first sweep is that centered on Rj^^^ and the that 
centered on R^^^; is always an integral multiple of 
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i/(2/^), the multiplying integer being i-i. Width of the 
modulation sweep has its largest value at minimum 

range, and sweep width at R^ is 

r = W + . (IX.12) 

Since only those values of t which are integer multiples 
of l/{2f^) are used, this represents a stepped exponential 
variation of K' with time. The search repetition frequency 

is again 2fJN, or f^/N. 

Since fractional range resolution SjR//} rather than 
incremental resolution hR remains constant throughout the 
search in the variable- sweep-width system with fixed filter 
selectivity, any comparison with systems of constant 
incremental resolution must be somewhat arbitrary. The 
comparison among systems will be made here on a basis of 
equal hR at arithmetic mean range. In this case 

8 = , (IX.13) 

while for constant fractional increment S , 

Both 8 and can be determined by sinnul taneous solution 

of (IX.13) and (IX. 14). Choice of geometric mean range 
for comparison would have led to undue complication, as 
would comparison at minimum range. Choice of either mini- 
mum or maximum range for comparison would be unfair to 
one or the other system. 

Equations (IX. 1) (with in place of f^) for minimum 
discernible pulse energy, and (IX. 3) for received beat- 
note pulse energy, both remain valid for the single -channel 
system scanned in range by variation of sweep width at 
constant modulation frequency. Equations (IX. 7) and (IX.8) 
may therefore be used again to determine R^^^^ and p^, for 
given values of search -repetition frequency and number 
N of range elemeits successively scanned. For 100 elements 
scanned 10 times per second (500-cycle modulation), is 
again 22 per cent and R^^^ is 17.8 nautical miles. 

With SR at mean range 1000 feet, ix 0.00922, 

for which (IX.13) and (IX.14) indicate a fractional resolu- 
tion 8 of 0.0150, or 1.5 per cent, and a value of 4.37 for 



S«c. 2 


MULTIPLE TARGET SYSTEMS 


407 


the ratio of A to i) . . Minimum range under the stated 
conditions of operation is therefore 4.1 miles. Incre- 
mental resolution Sfl is 370 feet at minimum range and 
1630 feet at maximum range. Using (IX.9), the modulation 
sweep required for this resolution is 0.58 megacycle per 
second at maximum range and 2*54 megacycles at minimum 
range. The frequency /q to which the fixed filter is tuned 
must be pW or 128 kilocycles, with a pass band A/ of 1.28 
kilocycles per second < 

It should be evident that a system giving constant 
fractional resolution is undesirable when operation down 
to very small minimum range is required. Because of the 
large ratio of ^min required, either poor frac- 

tional resolution or successive examination of a very large 
number of elements per scan is necessary for use of such 
a system to extreme short range. Successive scanning of 
many elements results either in reducticxi of maximum noise- 
limited range or in slow gathering of data, or both. 

£• Single Channel with Variable Sweep Duration^ In 
a search system using a single selector tuned to a fixed 
beat frequency /^, rate of change of transmitted frequency 
during modulation may alternatively be controlled by vary- 
ing the time interval during which that frequency is swept 
uniformly across a band of fixed width if. This interval, 
corresponding to i/(2/^) or 1/f^ in the case of fixed-fre- 
quency triangul ar-wave modulation, may be called 
will be short for short ranges and long for long ranges, 
so the pass band of the selector should not be left fixed 
during search. If the filter were made sharp to match long 
pulses of beat signal and then left alone, for best signal/ 
noise ratio at maximum range, it would not have sufficient 
time to respond well to the short pulses at minimum range. 

The single-sweep duration producing filter-center 
beat frequency for range R is 2HK/(c/^) and propagation 
time r is 2R/c, so 

. (IX.15) 

Since both and If are fixed, p is obviously constant as 
(y is varied to search in range; p will therefore be 
written without subscript hereafter. If the filter noise 
band A/ is matched afresh to the duration of useful beat 
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signal for each individual modulation sweep, A/ will always 
be If frequency difference for adjacent 

targets received by the filter is again resolved 

range hR will again satisfy equation (IX, 9) and will not 
vary during range scan. If any two of the quantities 8/1, 
V, and p are specified, (IX. 9) and (IX. 15) determine 
the other two. 

Number N of successively resolved range elements is 
again given by (IX. 6). Mid-channel range R^ observed 
during the sweep of an outward range scan is 

“(JV-l)S/?+{i-I)S/} . (IX.16) 

Converting range to sweep time by the factor 211// (cf^) and 
using (IX. 15), duration of the sweep is 

t. = 2(R^^- NhR +i8/J)/(cp) . (IX.17) 

For the Af^**sweep, at maximum range, becomes simply 
2R,„/(cp). 

Time from the start of a range scan to the start of 
the i®** modulation sweep of that scan is 

T, = 2(R-NhR'^%ihR)(i-l)/(cp) , (IX.18) 

By elimination of i from (IX.17) and (IX.18) and solution 

of the resulting quadratic, the required parabolic varia- 
tion of sweep duration with time of occurrence of the sweep 
in the scan can be found if desired. Total duration of 
scan is given as by (IX.18) and is 

r, = 1//, = 2N{R^^-{N-l)BR/2]/(cp) , (IX.19) 

or 

^ 1 . • (IX.19a) 

This is just N times the arithmetic mean of the limiting 

sweeps times and t^. 

Equation (IX.l), using /^ , still governs minimum dis- 
cernible beat-note pulse energy. Equation (IX. 3), with 
replaced by i/t^, also remains valid for received beat-note 
pulse energy, but should in this case be written as 



(IX*20) 
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Setting received and minimum-discernible energies equal, 
there now resul ts 



(IX.21) 


rather than (IX. 5). With the usual comparison values of 
power, area, wave length, receiver noise, and data-integra- 
tion reference frequency this is 

(IX.21a) 

Using the relation (IX. 19) between and R^^^ in conjunc- 
tion with (IX.21) gives in turn 



+ iK/^R)ipFJfJ =0. (IX.22) 

Because of the complicated relation between and 
when searching in range by variation of sweep duration, the 
simplicity of equation (IX.4) or (IX.7) is lost. N and 
alone no longer suffice to determine p and R^^^» ^R must 
be specified in addition to N and in order to make such 
determination from the rather inconvenient simultaneous 
equations (IX.22) and (IX.21). Oice all three character- 
istics are specified and p is thereby determined, the 
constant modulation sweep width If and filter frequency 
can be found from (IX.9) and (IX.15). 

For operation with 100 range elements each 1000 feet 
deep and a search- repetition frequency of 10 per second, 
(JX.22) indicates a lost time of 15.7 per cent. Maxiniim 
range, from (IX.21), is then 20.8 nautical miles, with a 
minimum range of 4.5 miles which is less by (Af-l)SiJ, If is 
0.875 megacycle per second, and equation (IX. 17) gives the 
sweep duration required as 1/2820 second at minimum and 
1/610 second at maximum range* Filter pass band A/ is 
correspondingly 3350 to 715 cycles per second, with a 
fixed center frequency of 137 kilocycles per second. If 
SR remained 1000 feet and R^^^ were made 500 feet, by 
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choice of N and f^, targets would in principle be observ- 
able down to zero range. Operation to such a low minimum 
range would require a large ratio of maximum to minimum 
sweep duration, as well as of maximum to minimum filter pass 
band, and might prove rather difficult to attain. 

3. Comparison of Systems 

a. Noise Limited Range* Expressions for maximum 
noise -limited range for five different search- radar systems 
were develop)ed in the preceding section. Values for maxi- 
mum range were determined from these expressions for the 
five systems under the conditions of operation given in 
Table IX. -2. So many assumptions had to be made, however, 
that the absolute values found are significant only in order 
of magnitude. 


TABLE IX.. 2 

Operating Conditions for Range Comparison 


Frequency 

4000 megacycles per second 

Average Trans- 
mi t ted Power 

1.0^ IMitt 

Antenna Power Gain 

250 (effective area 20 X. ) 

Target Echoing Area 

ffOOO square meters 

Receiver Noise Figure 

40 (16 db, with no 

image rejection 

Selectivity 

Set for best signal/noise 
ratio at maximum range 

Range Differ- 
ence Resolved 

1000 feet (at mean range 
if not constant) 

Frequency of 

Complete Search 

10 per second 

Nunber of 

Range Elements 

100 


Plilse radar and frequency-modul ated j:adar using multiple 
selective channels are both found to permit rapid search 
and to give substantially the same maximum range. The 
pulse system is slightly the better when an appreciable 
part of the repetition period is required for signal 
propagation. Range for these two systems is respectively 
25 and 21 nautical miles when making 2000 complete range- 
search scans per second, or 60.5 miles for either at 10 
scans per second. Three f-m radar systems using a single 
selective channel scanned in range by different methods 
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a]] permit operation only at very low scan frequencies 
and all show similar maximum ranges. Search by variable 
duration of frequency sweep permits somewhat more rapid 
operation or greater range than does either of the other 
two single-channel methods considered. Range with the 
three single -channel systems under the conditions consid-^ 
ered is respectively 18, 18, and 21 nautical miles at 10 
complete search scans per second; this is one third of the 
range obtained with the pulse-radar and mul tiple -channel 
f-m systems at the same low scan frequency. 

All five systems require approximately a one-megacycle 
radio- frequency channel width to produce the specified range 
resolution, with the f-m systems penalized in channel width 
for time lost in propagation. H-f channel width is also 
the noise band width of the pulse system. Noise band width 
of the frequency-modulated systems is substantially inde- 
pendent of radio- or intermediate- frequency channel width, 
because no real detection takes place in such systems. 
There is at the "detectors” only frequency changing of 
weak incoming signals and noise, in the presence of strong 
local mixing signals. F-m noise band is that of the radar- 
beat -frequency channel only and is very narrow, being 
2/^/(i~/0). For the modulation frequencies usable in prac- 
tical f-m systems, this noise band may be from a few cycles 
to a few thousands of cycles per second wide, depending 
on the required resolution, number of range elements, and 
speed of operation. 

High peak power in pulse-radar systems on the one hand 
and narrow noise band in frequency-modulated radar systems 
on the other hand give the two types of modulation compar- 
able performance as to maxinnum noise-limited range. Ineffi- 
cient use of the noise band by desired signal in the simple 
single-selector f-m systems puts them at a decided dis- 
advantage in comparisons of performance with either pulse 
or multiple-selector f-m systems. 

The various relations found in the preceding section to 
govern noise-1 iitiited range lend themselves well to graphical 
comparison. For the conditions of Table IX. -2, Fig. DC. -1 
makes this comparison. Plotted to logarithmic scales of 
both maximum range and search-repetition frequency, the 
simple inverse- sixth- root relation characteristic of pulse 
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radar when operated at constant average power appears as a 
straight line in the figure. Frequency-modulated radar 
that performs a complete range search on each sweep of 
transmitted frequency shows essentially the same linear 
characteristic at low repetition frequencies. At higher 
search -repetition frequencies, however, loss of useful beat 
signal during radio-signal propagation causes maximum range 
for f-m radar to fall below that for pulse radar. 



Fig. IX. -1. Noise- limited performance characteristics 
of various range-only radar search systems* at 
constant average power. 


Maximum range for systems which search all range ele- 
ments during each single repetition period (A = l) is shown 
by the full -line curve for R^^^t and is independent of the 
number of range elements simultaneously examined. Opera- 
tion with the number N of pulse repetiticns required for a 
complete search greater than one reduces maximum range. 
The curve for N = 100 is shown dashed in Fig. IX. -1; curves 
for other values of N would be parallel to those for N-1 
and N-100. Comparison of equations (IX. 7) and (IX.8) with 
(IX. 4a) and (IX* 5a) shows, in fact, that on logarithmic 
scales the shape of the curve relating R^^^ to does not 
dep&id at all upon N, so long as repetition frequency is 
constant throughout the search; under this condition on 
R^^^ is independent of the range resolution S/t. 
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When modulation frequency, or duration of single sweep, 
varies during the search, maximum range depends not only 
on search-repetition frequency and number N o£ elements 
searched successively, but on width hR of each resolved 
range element or on minimum range R^^j^ as well. Simple 
generalizations have not been found applicable to operation 
with variable sweep duration. Maximum range has been de- 
termined frcni equations (IX.21) and (IX. 22) for one special 
case, with N'^lOO and hR-1000 feet, and is shown by the 
dotted curve for R^^^^ in the figure. Since minimum range in 
a real system must exceed zero, this curve can exist only 
down to a least maximum range of (/V-/4)8i? if Si? remains 
unchanged throughout the search, as indicated in the figure. 

Values of p^, the fraction of the single-sweep duration 
lost in signal propagation at maximum range, are also 
plotted in fig. IX. -1. Each curve corresponds to one 
of the R „ curves and is drawn in the same type of line. 
If data must be gathered with even moderate rapidity by an 
f-m system which examines a considerable number of range 
elements in succession, p^ will reach values that are not 
negligible. A penalty is paid in range, and a stiifer 
penalty is also paid in required width of frequency- 
modulation band, for this loss of time. In fact, equation 
(IX. 9) shows that as p^ approaches unity, the sweep width 
required for a given range resolution increases very 
rapidly and soon becomes prohibitive. 

Examination of equations (IX.4) and (IX. 5), and of simi- 
lar equations which lead by mere insertion of numerical 
values to (IX. 7) and (IX. 8), shows that changes of radio 
frequency, signal level, noise level, or number of range 
elements change only the scales used. The form of the 
relations among /^, p^, and R^^^ is not affected. In fact, 
the solid curves and lines of Fig. IX. -1 are universally 
applicable if their scales are not read as and 
directly, but rather as dimensionless variables x and y, 

f P A A* V'io 

where x signifies 3560 (2Nf. /F ) \ • . V /.//. and y 

y f P 

is 22.7(2fV/,/F„ ) < ■* * — iL.,Ao* Any change of the 

' “ \27TF^WkT} " _ 

apparatus parameters N, or INF, or of target 

area changes only the coefficients of and on 
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the logarithmic plot, this acts only to slide the curves 
along the and axes without any change of form. 

If approaches unity for an average target, such as 
has been assumed in these comparisons, then signal from 
a very large target may be discernible above noise at a 
range sufficient to prevent reflected signal from returning 
during the same modulation sweep on which it was trans- 
mitted. Signals returning during a later sweep of course 
give erroneous range indications and are to be avoided. 
Maximum range as limited by maximum permissible time loss 
rather than noise is ^Pni/(3V/g)* Ibis limiting relation 
is also shown in Fig. IX. -1, for the rather impractical 
case p^- 1, by the steep straight lines so marked. Range 
limitation by arbitrarily fixed lower values of p^ would 
be represented by straight lines parallel to those for 
p = 1 but below them. 

b. Other Limitations on Range. Many other factors 
than signal /random noise ratio enter into the evaluation 
of radar performance. Resolution of a weak target adja- 
cent to a strong one, for example, is improved by using a 
wider receiver noise band than the one giving best ratio 
of signal to random noise. In the pulse-radar case this 
permits making fullest use, for target resolution, of the 
rapid rise and fall of the transmitted pulse. In the f-m 
case, it permits transient response of the selective chan- 
nel, shock excited by ofl-frequency signal from the strong 
target, to die away before indication of the correctly 
tuned weak target is initiated on any given frequency 
sweep; steady-state duration of the desired indication is 
also increased. 

Interfering signals can also limit radar range. An 
unmodulated continuous-wave signal disturbs the base line 
of a pulse- radar presentation, in effect enhancing the noise 
somewhat. It disturbs an f-m system by producing rather 
sharp beat pulses with the frequency-modulated local mixing 
signal; these pulses in turn shock excite the selective 
channels. Discrimination against c-w interference is 
obtained in the pulse-radar system by the high peak power 
attainable in the desired pulse. In the f-m case, dis- 
crimination is obtained by the fact that the desired signal 
is present throughout the modulation sweep, while the 
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interfering signal is only shifted into the selector pass 
band momentarily, twice per modulation sweep. 

With comparable operating speed and resolution, the 
rejection of c-w interference obtainable appears in prin- 
ciple to be about the same for pulse and for multiple- 
selector f-m systems (with a possible factor of two in 
energy favoring the pulse system because of the double- 
side -band nature of the beat between f-m and c-w signals). 
In the case of the single-selector f-m systems, discrim- 
ination against c-w interference is sharply reduced, 
presumably to the same degree as signal /noise ratio, by 
the absence of desired -signal selector excitation during 
most of the range- search period. 

Modulated continuous -wave interfering signals can be 
much more damaging than unmodulated ones. This is true 
for any radar system, but the degree of damage depends upon 
the particular characteristics of the system and of the 
interfering modulation to such an extent that general 
conclusions are difficult to draw and are not very signifi- 
cant. It does appear, however, that modulation of the 
interfering signal by random noise of such character as 
just to fill the radar r-f channel with strong noise will 
always be particularly obnoxious. 

Pulse interference also acts to limit range. In pulse 
radar, non -synchronous interfering pulses can be discounted 
to a remarkable degree by the judgment of a skilled opera- 
tor. In f-m radar, the narrow band of the selectors acts 
strongly to reject interference from very short pulses. 
With a peak-reading indicator, band reduction decreases 
pulse interference rtiore rapidly than it does random noise. 
Single-selector f-m systems will be more disturbed by 
pulse interference than will multiple-channel systems, 
because of inefficient utilization of the single channel 
for desired -signal reception. No thorough comparison of 
multiple-channel f-m radar and pulse radar with respect 
to pulse interference has been made. 

So long as it is prevented from damaging detectors, 
feed through is inportant in pulse-radar systems only at 
minimum range. Strong rejection of low beat frequencies 
minimizes the disturbance of f-m search systems by feed- 
through signals, as well as by microphonics, detector 



416 FREQUENCY MODULATED RADAR Chap. IX. 

unbalance, and altitude signal. High-frequency modulation 
of feed-through fields, as by transmitter- tube noise or by 
loose metal in the vicinity of one antenna, remains damag- 
ing and must be carefully avoided. 

Sea return is harmful in all systems and must be kept 
small by concentrating onto the desired target as much as 
possible of the transmitted energy and by including in the 
field of view of the receiver as little sea surface as 
possible. Both these results are attained by using the 
highest practicable antenna directivity. Multiple-channel 
f-m systems are less disturbed by sea return than are 
single-channel ones. Because of their greater range 
selectivity, even the single-channel search systems see 
less sea and so are less disturbed by sea return than the 
broad single-target systems of earlier chapters. 

c. Practical Aspects^ Pulse radar is placed at a 
practical disadvantage, relatively to frequency-modulated 
radar, by the necessity of operating transmitters at very 
high peak •power levels and of preventing damage to the re- 
ceiver by high feed-through peaks. This is especially true 
if high average power is to be maintained at low repetition 
frequencies. Obtaining the very wide r-f bands necessary 
for resolution of small range differences is technically 
more difficult with short-pulse than with f-m methods. 

Frequency-modulated radar is at a disadvantage because 
of the complexity of mul tipi e- channel selectors. Single- 
channel search systems may be acceptably simple, but their 
ineffective rejection of noise and interference and their 
slow operation place them at a very serious disadvantage. 

Another practical matter is the importance of main- 
taining a highly uniform rate of change of transmitted 
frequency during the modulation sweep of an f-m search 
radar. Very simple considerations, neglecting the effect 
of transient response of selectors and the time lost in 
propagation, will serve to illustrate the basic effect of 
non-linear frequency modulation. 

Suppose a radio- frequency band of width W to be swept 
in modulation during a time interval [equal to i/(2/ ), 
where is modulation frequency]. Oppose further that 
during the first half of the transmitted frequency sweeps 
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uniformly across a band of width rather than 

exactly VJlil , covering only the remaining band 
during the second half of the sweep period. Rate of change 
of frequency /will first be constant at , then 

at . Range frequency for a single target at range 

R will be i(l’^r])Wf^R/c during the first half sweep and 
^{l-"r})Wf^R/c during the second half sweep. Instead of a 
single range frequency /^, given by i^fj^R/c, the non-lin- 
earity of modulation has produced the two frequencies 

For best signal /noise ratio, the noise band A/ of each 
range-channel selector will be approximately 2 f^, and beat 
frequencies differing by 3 f^ should be indicated as distinct 
targets separated in range by SjR. If the range- frequency 
difference SrjWf^R/c due to non-linearity becomes 3 f^, a 
single target at range R will be shown as two distinct 
targets oo adjacent range channels, with ranges differing 
by Sff. This will occur when the fractional departure rj 
of the sweep from linearity reaches the magnitude Vi^B/R , 
which is alternatively expressible as For a 

practical case, hR/R may be V50 and a non-linearity of one 
per cent will then cause each target to appear definitely 
on more than one channel . Broadening of target response 
will begin to appear at about half of this value of 77. 

Other forms of non-linear sweep, or allowance for filter 
transients, would modify these numbers, but would not 
relieve the stringent necessity of maintaining substan- 
tially linear sweep if full theoretical resolution is to 
be attained. 

d. Conclusions. Single-channel f-m radar search 
systems are prohibitively slow if high-resolution search in 
both range and direction is required. Their limited theo- 
retical signal /noise performance is a further disadvantage. 

There is little distinction between pulse-radar and 
multiple-channel f-m radar search systems as to limiting 
theoretical performance. 

At the present stage of practical development, it is 
definitely simpler to display rapidly the variation of a 
signal envelope with time than to display rapidly the 
frequency spectrum of a complex signal. To overcome this 
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advantage of pulse radar for genera] search use appears to 
require much more than the very limited development effort 
so far expended on f-m search radar. 

4. Effects of Speed 

a* Direct Effect. The previous discussion of range 
and resolution has been simplified by 'consideration of 
stationary radar and targets only. The effect of relative 
motion on f-m search-radar indications must now be examined. 
This effect is to introduce Doppler frequency shift and so 
to produce, during modulation upsweep of transmitter 
frequency, a beat frequency different from that found during 
modulation downsweep. Range-selector band widths must 
of course be broadened somewhat to allow for speed effects, 
but usually not to a sufficient extent to invalidate the 
conclusions already reached as to order of magnitude of 
limiting range. 

As described in section 4e of Chapter II., moderate 
Doppler shift decreases the upsweep beat frequency and 
increases the downsweep frequency when relative motion of 
radar and target is reducing the range between them. Tliat 
is, a target moving toward the radar will be indicated 
at less than actual range during upsweep and at more than 
actual range during downsweep. On a multiple-channel 
search radar, each moving target will simply appear twice, 
at apparent ranges differing by an amount proportional to 
its speed. Doubling of moving targets can be quite useful 
in distinguishing them from fixed targets. 

In the case of range-scanning search systems using a 
single selective channel, the speed of search must be 
halved to avoid confusion by moving targets. That is, 
one complete modulation cycle rather than a single upward 
or downward sweep should be devoted to each range channel. 
Were this not done, moving targets would seem to be single 
and at the wrong range rather than double and centered at 
their true ranges. 

Targets moving so fast that Doppler shift exceeds 
frequency displacement due to range will of course give 
a quite different result. They will also appear doubled, 
but with the two component indications for each target 
widely separated. The component separation of each doubled 
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indication will depend on target range, while the apparent 
range of the center of the pair will be determined by 
relative speed of target and radar. This condition should 
normally be avoided in designing and using radar equipment 
for range search. 

b. Elimination of Speed of Radar. Rapid motion of 
the f-m radar itself, as when airborne, of course results 
in doubling of all target indications to the same degree. 
This is usually a decided inconvenience and should be 
eliminated. Motion of targets themselves would simply 
alter the component separation caused by motion of the 
radar. 

With range indicated by a cathode-ray beam moving in 
synchronism with the range scan of the radar, doubling can 
be eliminated by displacing the cathode-ray beam in range 
by an amount proportional to speed of radar. For targets 
ahead of the radar, indicated range would be made to in- 
crease during modulation upsweep and to decrease during 
downsweep. Doubling by motion of targets themselves would 
remain unaltered, just as if the radar were stationary. 

Another way of eliminating target doubling due to radar 
motion is to alter rate of change of frequency by a suit- 
able amount from upsweep to downsweep. With any of the 
f-m radar systems, this can be done for targets ahead of 
the moving radar by sli^tly decreasing the duration of 
upsweep and increasing the duration of downsweep. An 
alteration of average range sensitivity occurs when the 
effect of radar speed is eliminated by making the modulation 
cycle unsymmetrical . The slight sensitivity correction 
required can be made by changing the duration of the 
complete modulation cycle, or in other ways if preferred. 

Let be the width of modulation sweep, f^ the range- 
beat frequency for a target at rest relative to the radar 
and at range R, and /g a Doppler-beat frequency caused by 
motion of the radar at speed Let be the duration of 
modulation upsweep and that of downsweep used in the 
moving radar, and let be the corresponding modulation 
frequency used in a stationary radar. The conditions 
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then ensure that range indication shall not be altered by 
the motion of the radar; and are the total beat 
beat frequencies for the moving radar during upsweep and 
downsweep respectively. 

If the modulation frequency for the moving 

radar is called /J, (IX.23) yields 

r: = , (IX.24) 




(IX.25) 
(IX. 26) 


Additive corrections for radar motion are thus independent 
of sweep width and range, for any system using a single 
filter tuned to a fixed frequency /^. Correction factors are 
independent of as well. Only a simple dependence on 
speed frequency /g and fixed selector frequency remains. 
The correction (IX.24) of average modulation frequency from 
to is of second order and can usually be disregarded. 


c. Moving Target Indication (MTI). Selective indi- 
cation of moving radar targets with exclusion of confusing 
fixed targets, known as AfTI, is a valuable service. MTI is 
accomplished by recording the data obtained during each 
range search, comparing it in detail with the data obtained 
on the next range search, and indicating only the difference 
found. Recordings should be of some temporary sort, lost 
or erased as soon as used for comparison. 

In the case of pulse radar, fully effective MTI requires 
that radio-frequency phase of each transmitted pulse be 
preserved and compared with the phases of all its target 
echos. The results of such phase comparison must in turn 
be preserved and compared for successive pulses. This is 
acconplished in actual use, but the cost is conplicated 
equipment and critical adjustment. 

A very simple way of using f-m radar for MTI has been 
proposed but probably never tried. Since the frequency- 
modulated transmitter operates continuously, and within 
each sweep coherently, a radio- frequency phase reference 
is automatically provided. This is an inherent advantage 
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of the f-m type of radar for MTI» The norma] f-m radar 
beat signal indicates the result of phase comparison 
between transmitted and target-reflected waves. This 
comparison is also inherent in the normal f-m radar. 
Ihe only additional operations required to obtain selec- 
tive indication of moving targets with f-m radar are 
the recording of the beat signal for each range search 
and comparison of it with the beat signal for the follow- 
ing search. 

For a single-channel system operating against an iso- 
lated target, or for any one channel of a multiple-channel 
system operating against multiple targets, the beat-note 
signal has during each sweep substantially a simple sinus- 
oidal form, with growing and decaying portions adjoined 
thereto by any selective element used. This simple signal 
is often only of audio or low video frequency, and in the 
cases mentioned needs merely to be stored for comparison 
from one modulation cycle to the next and then discarded. 
This is a relatively easy job of recording, so the total 
complication to be added to one f-m radar channel for MTI 
is not great. 

The discussion of fixed error given in section 2g of 
Chapter IV. indicates that, with accurately constant range 
from radar to target, beat-note wave form will repeat 
accurately for successive modulation cycles. Subtraction 
from the beat signal currently received of a beat -signal 
record made during the previous modulation cycle will 
therefore give exact cancellation for a fixed target, and 
such targets will not be indicated at all. Target motion 
through only % of the radio -frequency wave length during 
each modulation cycle will reverse the beat -note phase for 
successive cycles, so that subtraction of a record will 
give very strong indications for such targets. A very 
sensitive method could thus be provided for distinguishing 
moving targets from their fixed surroundings. 

Great sensitivity to small target motions may also be 
provided by short-pulse MTI radar. Ibis high sensitivity 
may even prove embarrassing, no target and propagation path 
being so firmly fixed as to cancel perfectly. The advantage 
of the f-m MTI would lie in the ease of recording the beat 
signal, for example by a sinple magnetic recorder* 
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5. Experimental Search System AN/APQ-19 

a. General Description. One experimental f-m search 
radar, designated AN/APQ-19, has been built and given lim- 
ited field tests on the ground. This equipment®'® is of a 
single -channel type with fixed selector tuning, fixed modula- 
tion frequency, and range search by variation of modulation 
sweep (class of Table IX. -1). Search in azimuth as well 
as range is provided, with a ”B-scope” type of data presen- 
tation plotting range against azimuth angle as rectangular 
coordinates on the screen of an indicator oscilloscope; 
targets appear as bright points in these coordinates. 

Fig. IX. -2 is a block diagram of the AN/APQ-19 system 
and Fig. IX. -3 a functional diagram of the circuits used. 
Supplies for numerous regulated voltages used are conven- 
tional and are omitted from the diagrams. Two 18-inch 
parabolic reflectors from AN/APS-3 pulse radars are mounted 
one above the other and rigidly interconnected, so as to 
scan together in azimuth and tilt together in elevation 
as a single mechanical unit. A single coaxial -fed dipole 
antenna is used in each reflector. The transmitting oscil- 
lator is an A- 127B experimental magnetron, frequency 
modulated internally by helical auxiliary beams of elec- 
trons as described in section 4e of Chapter III. The 
receiver is a sinple crystal mixer followed by an anplifier. 
A conventional intermediate-frequency amplifier is used 
as a sharply selective beat-note filter, with its rectifier 
output controlling the spot brightness of a conventional 
radar-indicator oscilloscope in accordance with the beat- 
note envelope. 

A group of synchronized multivibrators serves as a 
modulation generator providing several timing outputs, 
used to control modulation of the transmitter by a special 
circuit for range search and to control the display of 
received data. The special circuit for controlling modu- 
lation sweep to provide range search is the most novel 
element of the system, except for the auxiliary-beam 
magnetron itself, and will be described separately. Pro- 
vision is made for modifying symmetry of the modulating 
wave to cancel the effect of motion of the radar itself. 
Various operating parameters of the system are collected 
in Table IX. -3. 
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Fig. IX. •2. Block diagram oi experimental t-m search 
radar AN/APQ-19. 


TABLE IX. -3. 


Design and Operating Characteristics of AN/APQ^ 19 
F-M Seqrch Radar 


Transmitted Power 

20 watts 


Radio Frequency 

4000 megacycles per 

second 

Frequency- 

KMuJation Sweep 

1 to 5 megacycles oer 
second 

Azimuth Sector Searched 

150 degrees 


Nurrber of Azimuth 

Elements Searched 

30 


Azimuth Search Frequency 

1 single sweep per 

second 

Time on each 

Azimuth Element 

33 mil 1 i seconds 


Nijmber of Range 

Elements Searched 

56 


Range Search Frequency 

30 per second 


Modulation Frequency 

840 per second 


Time on each 

Range Element 

600 microseconds 


Time Constant 

of Selective Channel 

140 microseconds 


Pass Band of 

Selective Channel 

7.0 kilocycles per 

second 

Center Frequency 

of Selective Channel 

100 or 200 kc./sec. 


Minimum Range Searched 

1 or 2 miles 


Maximum Range Searched 

5 or 10 miles 


Range Resolution (nominal) 

10 or 5 per cent 


Speed Sensitivity 

13.7 cycles per second 
per knot 
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Fig. IX. • 3* Functional circuit diogran of 

It may be noted that the time lost in propagation at 
maximum range is V5 the tots] time allotted each range 
element. The time constant of the selective channel is 
approximately the time per range channel. Allowing 
twice the filter time constant for build*up and prior- 
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experimental f«m search radar AS/ APQ^ 19, 


element decay transientSi over V4 of the time per range 
element remains to provide steady-state fil ter-cutput signal 
for indication, ^tter operation could in principle be 
had by short-circuiting the selective channel between 
successive range elements. Since selection is begun at a 
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very low signal level to prevent production of ghost 
targets by inter-modulation, all short-circuiting methods 
tried have been found to introduce fortuitous transient 
disturbances greater than the very small unwanted prior- 
element signals which they suppress. 

b. Production of Modulating Signals The timing por- 
tion of the modulation and deflection generator used in 
the AN/APQ* 19 is too conventional to require detailed 
description* The primary timing element is a free-running 
symmetrical multivibrator with a frequency of 1680 cycles 
per second* Actual square-wave modulating signal is 
derived, through special circuits to be described, from an 
840-cycle per second multivibrator synchronized by the 
1680-cycle master. Through a buffer amplifier which also 
supplies the modul ati on -con troll ing output, the 840-cycle 
signal in turn synchronizes a 120-cycle per second multi- 
vibrator, which again in its turn synchronizes a final 
30-cycle relaxation oscillator* The 30-cycle oscillator 
produces a sawtooth voltage for rangewise (vertical) 
deflection of the indicating oscilloscope and, through a 
cathode follower, a 30-per-second train of short pulses 
to reset the range-searching circuit of the radar. 

There are two items of novelty in this timing system. 
An 840-cycle square wave of adjustable amplitude is fed 
back from the buffer amplifier to bias both grids of the 
1680- cycle multivibrator. Alternate complete cycles of 
oscillation of the fast multivibrator are thus made to 
have somewhat different periods. Alternate halves of the 
840-cycle oscillation, corresponding respectively to fre- 
quency upsweep and downsweep of the transmitter modulation, 
may thereby be given different durations as required to 
compensate for the speed of motion of the radar. Also, 
1680-cycle signal is applied to the blanking amplifier 
which is used to brighten the trace of the indicator in 
accordance with the strength of the received radar signal . 
This 1680-cycle signal blanks out the indication during 
the first half of each single modulation sweep, to prevent 
showing either the false signal following turn around or 
the worst portion of the unwanted transient response of 
the selective amplifier. 

Fig. IX. -4 shows the special circuit that is used 
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to control transmitter modulation so as to provide the 
stepped-exponential variation of modulation-sweep width 
[equation (IX. 12)] necessary for range search. In the 
operation of this circuit, each pulse from the 30-cycle 
tuning oscillator charges positively and negatively, 



Fig. IX.*4. Circuit for forming modulating signal 
for range search. 

through switching tubes and respectively, and so 
resets the circuit to begin a new range search. Square- 
wave signal from the 840-cycle multivibrator acts through 
switching tube to control the individual frequency-modu- 
1 ation cycles. Tubes and V. are merely load- 
isolating cathode followers. 

When Kg is cut off by the 840-cycle square-wave control, 
cathode follower K^ is disabled and cathode followers Kg 
and K, act in cascade to hold the cathode of K. at sub- 
stantially the voltage of . There is then no current 
through and holds its charge. The total voltage 
of Cj and appears across which discharges at a 
corresponding rate. When Kg is made conducting by the 
840-cycle control, K^ is overpowered because of its high- 
resistance output connection, so that K^ and K- in cascade 
hold the cathode of Kg at substantially the voltage of . 
There is then no current through r^, and holds its 
charge. The total voltage of and appears across , 
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which discharges at the corresponding rate. Return 
points for and r are adjustably tapped down on the 
cathode resistor of as shown, to compensate for bias 
voltages of and The return points of and 

are thus placed accurately at the corresponding capacitor 
voltages, so that the capacitor discharge rates are reduced 
accurately to zero during the time intervals when they 
should be zero. 

(Xitput voltage at the cathode of is alternately held 
constant at one level by during modulation upsweep and 
at another level by during downsweep. At all times, 
whichever capacitor is not in use to hold the output is 
being discharged, preparatory to setting a new output level 
on its next cycle of operation. Capacitance, resistance 
and discharge duration being fixed, each discharge period 
reduces capacitor voltage by a constant fraction. Output 
voltage from then varies, in the interval between 
search-starting pulses, in just the stepped-exponential 
way in which it is necessary that modulation- sweep width 
should vary. Sweep duration is controlled by the 840-cycle 
multivibrator and sweep width by the operating sequence 
of and C . CXitput from is integrated by r^, to 
provide as final modulating output a sawtooth wave with 
linear sides but exponentially decaying amplitude. The 
resulting variation of transmitted frequency with time is 
shown in Fig. IX. -5. 



Conditions to be fulfilled in producing the desired 
stepped-exponential search follow from the operating 
sequence of the circuit of Fig. IX. -4. Let the voltage 
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across be E* and the voltage across be E" , both 
referred to ground. Let capacitor charging be completed 
with conducting, so that the first single modulation 
sweep of each range search takes place upon being cut 
off, and let this first sweep be an upsweep of transmitted 
frequency. Capacitor then holds its voltage and 
discharges during each upsweep; upsweeps are the odd- 
numbered or ^ ones of each range search, where k is 

any integer [the first sweep (fe=0) is a special case]. 
Capacitor holds and discharges during each downsweep> 
and downsweeps are the even-numbered or ones. Volt- 

ages at the start of any sweep will be designated by the 
order number of the sweep as a subscript. 

Change in capacitor voltage during any discharging 
sweep depends on the duration of the sweep, the discharge- 
circuit time constant, and the difference of the two capaci- 
tor voltages at the start of the sweep. Using the notation 
outlined above, voltage changes are 

for during the 2k^ sweep and 

Kc- (K. 28 ) 

for during the 2h^l*^ sweep, where and are dura- 
tion of upsweep and downsweep. Net capacitor voltages 

at any particular time result from the summation of such 
discharge processes and are given by 

- • ‘“-aw 

where E‘ and are the voltages to which and were 
initially charged at the start of the first sweep. 

Substituting from (IX.29} and (IX. 30) into (IX.27) and 
(IX. 28), voltage changes on discharge are found to be 

.{ A^r^A^£')u(i-J)/(j-u(i) (IX.31) 
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A R"= (A £"-A £')(i-u)/(i-ud) , 

J J J 

subject to the recursion formula 


(IX.32) 


A fi'f-A £'=[(£'-£”)- 2 {A,£'!-A.£')](l-i«i) . (K.33) 

The time factors and € "* have here been ab- 

breviated as u and d respectively. By direct application 
of (IX. 28) and (IX. 27) to the first and second sweeps, 

. (IX.34) 

(i-ci) u , (IX.35) 

and 

A^£"r A/'= (El-ElHl-ud) . (IX.36) 

Repeated use of (IX.33), starting with the value given 
by (IX. 36j, shows that 


Ar - A£'= iE[-En(l-ud)(udf 


(IX. 37) 


Substitution of this result into (IX. 31) and (IX.32), and 
of AjJS' and A^iJ". so found into (IX.29) and (IX.30), gives 
geometric-series expressions for and E^^^ Summing 

these series, the expressions 

(ix.38) 

h h 

E^=E^^= E^+ (El-E‘)[l-n){l-ud'')/(l~ud) ^ (IX.39) 

are found for the successive voltages held on and Cg 
respectively. 

Voltages held during successive upsweeps will have a 
constant ratio throughout the range search, as is required 
for proper sweep control, if 

£;/£;= -u(i-(i)/{l-u) . (IX.40) 

Ihe same condition provides a constant ratio of successive 
downsweep voltages, -and this commoh ratio is simply ud. 
Using (IX.40) in (IX.38) and (IX.39), 


(IX.41) 
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and 

£’'^ = £;^^i=£*(ud)'‘=-£;u(l-d){ud)V(l-u) . fIX.42) 

Referring to equation (IXal2) for the desired variation 
of sweep width, and noting that successive upsweeps or 
successive downsweeps are only alternate single sweeps^ it 
is necessary that 

ud=l/(l+S)*, (IX.43) 

where S is the desired fractional range change between suc- 
cessive range channels. Hie voltage swing across integra- 
ting capacitor during the 2k^ downsweep is 
and that during the 2fe upsweep 

These voltage swings are proportional to width of the 
corresponding modulation sweeps. To maintain the proper 
ratio between successive single sweeps throughout 
the range search therefore requires that the additional 
condition 

y/13EU = -E[t (IX. 44) 

la 1 u 


be met, in view of (IX. 41) and (IX. 42). 

Referring to equations (IX. 25) and (IX. 26) for the 
values of and required to cancel a speed frequency 
/ in the presence of range frequency / , (IX.43) and 


(Ix.44) 


give 


E* /E" = - 


(IX. 45) 


as the required initial ratio of capacitor voltages. With 
(IX. 40) and (IX.43), this provides design expressions for 
u and d also, and through these still other expressions 
for / and / r C are finally found. The exact expres- 

sions are father complicated and not of great general 
interest. They lead to a somewhat different required value 
for from that for even if upsweep and dowisweep 

have equal duration. 

The significant result of this analysis is that the 
circuit of Fig. IX. -4 is capable of giving just the desired 
stepped-exponential variation of sweep width shown in 
Fig. IX. -5, even when speed of the radar itself is to be 
cancelled. To accomplish .this result, with a chosen frac-^ 
tional separation of adjacent range channels, specific 
values for the two time constants and for the initial 
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capacitor -vol tage ratio can be calculated and must be 
provided in the circuit. Since upsweep and downsweep give 
distinct range channels with this circuit, some confusion 
may result from target motion. To maintain the desired 
sequence of sweep widths exactly when speed of the radar 
is cancelled by modifying sweep duration, both time con- 
stants and the starting-voltage ratio would also have to 
be modified. These final speed-cancelling refinements are 
not included in the AN/APQ-19* 

Modulation characteristics have been imperfectly linear 
in the experimental auxiliary-beam magnetrons as used in 
the f-m search equipment. It is therefore necessary to 
drive the beam-control grids of the magnetron with a 
special non-linear amplifier fed from the modulation-forming 
circuit. Amplifier operating conditions are so adjusted as 
to secure best overall linearity of frequency modulation. 
Since the magnetron beam-control grids draw heavy current, 
they are driven by a cathode follower. 

One modulation- forming circuit has been described in 
detail because it seems typical of the sort of step*acting 
special circuit likely to be required by any single-filter 
f-m search radar. Other modulation circuits were also 
tried, and no doubt a great many others are possible. In 
particular, photoelectric development of special wave forms 
by use of a motor -driven optical mask was investigated to 
some extent. This is a very flexible and stable method of 
generating special wave forms, such as are required to 
combat magnetron non-linearity, but is not convenient to 
adjust for cancellation of a variable radar speed. 

c. Operating Tests. If azinnuth scanning is stopped, 
maximum theoretical noise-limited range of the AN/APQ^19 
may be estimated by the methods of sections 2 and 3 of 
this chapter, using data from those sections and from 
Table IX. -3 of this section. In using equations (IX.7) 
and (IX. 8), or the curves of Fig. IX. -1, allowance must 
be made from (IX. 3) for the transmitter power of the equip- 
ment, and from (IX. 1) for the fact that the filter used 
was rather too broad for best signal /noise matching of the 
beat-note pulse. 

Making the above allowances but retaining the receiver 
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noise figure of 40 and the effective target area of 8000 
square meters used in earlier comparisons, maximum noise* 
limited searchlighting range of the AN/APQ^19 system should 
be 31 miles and maximum lost-time fraction 64 per cent. 
Allowing just the reciprocal band width of the filter for 
transient decay, good signal for indication should exist 
for the final Va of each single sweep at maximum range; 
this means that the indicator grid should be blanked during 
the first V. of each sweep for clean indications at that 
range. Ground reflection for air-to-ground operation has 
been considered in assigning the 8000 square-meter effective 
area to a medium-sized ship target. 

The above results indicate that very good operation 
should in principle be obtained, even on small targets, 
out to the full range of 10 miles searched by the experi- 
mental equipment, despite the rather unfavorable use made 
of the filter characteristic at that short range. Azimuth 
scanning should lead to deterioration of results by an 
undetermined but probably not very large factor. 

Limited field tests were made with a ground installation 
at the edge of and about 60 feet above a large body of 
water. ^ A fairly large ship seen broadside was clearly 
indicated at four miles; smaller ships seen stern- on were 
lost at ranges of about three miles when receding from the 
radar. Fixed targets on the far shore, probably large 
buildings, were clearly and reliably indicated at maximum 
range of ten miles, which was approximately the radar 
horizon for the site used. Sea return was only occasion- 
ally observed. 

Severe microphonics of the magnetron proved to be a 
limiting factor. This condition resulted from attaching 
the magnetron too rigidly to the antenna mounting in the 
experimental apparatus. Azimuth-scanning motion of the 
antennas therefore excited microphonics in the magnetron, 
especially at the scan- reversal points. Normal statistical 
receiver noise never set a limit to operation during the 
field tests. No airborne tests of this equipment were made. 

Non-linearity of magnetron frequency modulation was 
the most serious limitation encountered. It reduced the 
effectiveness of desired targets in exciting the filter and 
greatly reduced the range resolution. Individual fixed 
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targets at maximum range appeared on two or three suc- 
cessive range channel S| while near targets appeared on 
five or six channels. Increased spreading at short range 
indicates that greater departure from linearity accompanied 
wider modulation sweep. 

The main conclusion reached from the tests of the 
experimental AN/APQ^19 is that much improved linearity of 
frequency modulation is essentia] to the development of 
any successful f-m search radar. Laboratory tests of 
A~127B magnetrons have indicated that operating conditions 
giving highly linear modulation exist, but such conditions 
were never attained in the field tests of the complete 
search system. 

The AN/APQ-19 equipment was also used in a few tests 
to determine •the feasibility of operation with a single 
antenna for both transmission and reception.^ With the 
original two-parabola antenna system, it was found for a 
very few targets investigated that the strength of received 
signal depended only to a negligible degree on whether 
the planes of polarization of transmitting and receiving 
antenna were parallel or perpendicular. The crossed- 
polarization single antenna of Fig. III. -5 was then sub- 
stituted for the two -antenna system and found to produce 
no significant reduction in signal (other than that result- 
ing from reduced antenna area). These results are far too 
meager to be conclusive, but are distinctly encouraging 
with regard to the possibility of eliminating the second 
antenna from some applicaticms of f-m radar. 


6. Notation and References 


a. Notation* The algebraic notation listed alpha- 
betically below has been used in this chapter* 


A' 

a 

K 

c 

d 


Effactiva araa of antanna, in aquara wcnra langtha. 
for diraction of fflaxiaum gain. 

Effectiva achoing araa of targat, in aquara wava 
langtha. for diraction of radar. 

Velocity of propagatioh of radio wavaa. 983.23 
faat par nicroaacond. 


Capacitora in aodulation- forming circuit of tha 
4N/APQ-J9 search ayatam. 

Exponantial dacay factor of modulation- forming 
circuit for downawaap. 



S*o. 5 


MULTIPLE TARGET SYSTEMS 


435 


D 

E[,El 

A£' 

Ajr 

/o 

/l 

fd 

/. 

/: 

fr 

/. 

4 

/. 

A/ 

Ik 

K 

M 

n 

N 

Tf 

Pr 




Detection factor determining minimum discernible 
signal. 

Voltc^es across capacitors C. modulation- 
forming circuit at start of sweep of range 

search. 

Changes of voltage across and Q during specif, 
ic single sweep of modulation. 

Fixed frequency to which single selector channel 
is tuned in certain types of f-m search radar. 

Reference frequency (1670 cycles per second) de- 
termining empirical data- integration -factor . 

Net rodar beat frequency developed during modula- 
tion downs weep of transmitted radio frequency. 

Frequency at which transmitted frequency is modu- 
lated. 

Modulation frequency as modified for speed can- 
cellation. 

Frequency of repetition of radar pulses, either 
of radio or of oeat frequency. 

Radar beat frequency due to range only. 

Frequency of repetition of complete range search 
or scan. 

Radar beat frequency due to speed only. 

Net radar beat freq[uency during modulation upsweep 
of transmitted radio frequency. 

Noise bond width of single selective channel. 
Average radio frequency transmitted. 


Running subscripts identifying individuol modu- 
lation sweep of range search. 

Boltsmonn gas constant. 1.37x10”®* joules per de- 
gree Ontigrade. 

Filter-matchina factor determining minimum dis- 
cernible signal. 

Number of range elements searched during single 
pulse repetition or modulation sweep. 

Number of data values integrated by observer. 

Number of range elements searched by successive 
modulation sweeps of coj^>lete scan. 

Noise figure of receiver. 

R-m-s transmitted power at peak of pulse. 

Average received -signol power. 

Average transmitted power. 


Resistors in modulation- forming circuit of the 
M/APQ^19 search radar. 
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R 

^.x 

^in 


Range or distance between radar and target* 
Maximum range searched or observable over noise. 

Minimum range searched. 


S/i Range difference between targets just resolvedi or 
width of single range element of indicating system. 

S Speed of radar relative to target; also, factor 
representing statistical criterion for a just- 
discernible signal. 

Duration of modulation downsweep of transmitted 
frequency. 

t. Duration i^^ modulation sweep of search sequence. 
Duration of radar pulse. 

Duration of single modulation sweep, or 

Duration of modulation upsweep of transmitted fre- 
quency. 

T Noise temperature of receiving antenna in degrees 
Centigrade absolute. 

Time interval over which observer is able to inte- 
grate repeated data. 

Time during range search at which modulation 
sweep starts. 

Tj Duration of one complete search, or J/f^ . 

u Exponential decay factor of modulat ion^ f orming 
circuit for upsweep. 

^■in energy in pulse just discernible over noise. 


Noise energy, or power per unit frequency bond. 
Total energy in received pulse. 

v;,.. 

VL Vacuum tubes in modulation- forming circuit of the 
Ali/APQ'-‘19 search radar. 

W Width of bond swept in modulation of transmitted 
frequency. 

Width of bond for i^^ sweep of search sequence. 

X General search- frequency variable. 

y General range variable. 

5 Fractional width of range element seorched by radar. 

6 Threshold of discernible signal set by threshold 

of vision; olso, base of natural logarithms. 

7 ] Fractional non-linearity of modulotion sweep. 

\ Wave length o'f signal at average transmitted fre- 
® quency. 

A. Sweep wave length, or wove length of radio signal 
having frequency W. 

p Froction of duration of single sweep lost in prop- 
agation of signal from radar to target and back. 
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Lost -time fraction at maximum range. 

T Time taken for signal to travel from radar to tar- 
get and back. 
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functional circuit diagram of 424-425 
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diagram of 275, 276 

general description of 273-278 
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operating characteristics of 281-283 

purpose and requirements of 271-273 
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azimuth control of 238 
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dipole 39, 40 

duplexed horn 43, 44 

effective area of 29, 31 

lobe switching 42, 224, 226 

location of, on aircraft 44-47 

requirements for 44 

over -wing 45 

receiving, signal variation at 104, 105 

single, crossed-polar ization 434 

single -dipole, horizontally polarized 273 

slot 40 

two-parabola 422, 434 

types of 39-44 

Antenna area, effective 29, 31 

Antenna array, directional, Yagi (see Yagi antenna array) 

Antenna switch 225 

Anti- fading accessory 291-298 

functions of 294-296 

operation of 296-298 

with short-time memory, functional diagram of 295 

Appleton, E.V 3 


Approach, Carrier Control of 

(see Carrier Control of Approach)! 
direct (see Direct approach) 
homing (see Homing approach) 
level-flight (see Level-flight approach) 


navigation 176, 238 , 241 

navigation ratio of (see Navigation ratio) 

radial, successive approximation to 177, 178 

vertical maneuvering during 155-163 
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with vertical speed, geometry of 155 

Approach kinematics, in direct approach 144 

in level- flight approach 146-153 

with vertical maneuvering 155-156 

Approximation, for level- flight rocket firing 169 

linear, characteristics of 152 

in range and speed 149-152 

successive, to radial approach 177, 178 

for vertical speed 161-163 

Attenuator for control of modulator drive 57 

Attitude, of aircraft definition of 195 

Attitude -control unit, a^'tion of 198 

Automatic flight control, by altimeter 192, 195-201 

in azimuth 235, 241 

Automatic frequency control 82, 370, 372 

of beat frequency 234 

Automatic gain control 85, 203, 204, 275, 295 

altitude-operated, AN/APN-1 with 194 

Auto-pilot, action of 198, 199 

Azimuth, motion in 175-179 

target 238 

Azimuth determination, by antenna switching 42 

Azimuth-determining circuits 227-234 

Azimuth-determining radar bombing system, operating 

characteristics of 244 

physical characteristics of 245 

Azimuth scanning, in AN/APQ-19 422, 433 

B 

Ballistic coefficient, correction for 357 

definition of 172 

Ballistic-correction control 260, 323 

scale reading for 271 

Ballistic data, representation of 168 

Ballistic requirements, adaptation of AN/APG-17A (XN) 

to 263-271 

Band-pass filter, time delay in 301 

Band width, noise 35, 411 

working 
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Bank of aircraft, definition of 196 

Barkhausen transit- time oscillator 59 

Barnett, M.A.F 3 

Bath-tub cavity 41 

Bath-tub envelope, metallic 71 

Beam resonance, effect of, on frequency modulation . 70, 72 

Beam- tetrode tubes, properties of 100 

Beam tubes, auxiliary 65-73 

frequency- shift characteristics of 72 

Beat frequency, downsweep 20, 339, 340 

speed 23, 24, 272 

upsweep 20, 339, 340 

Beat -frequency amplifiers 84-87 

fixed-tuned 87 

gain- frequency characteristics of 85 

properties of, for mul tiple-target indication 86 

response characteristics of 86 

Beat -note amplifier 106 

Beat-note frequency 7, 10, 19, 20 

Beat -note output 4, 18 

Beat-note signal, phase junps in 19, 27 

Beat -note wave form 19 

Bench mark 354 

Bias, control of, in AN/APG-17A 260 

Bias change in limiter 101 

Blanking 122-125, 129, 224 

Bomb approximations and rocket approximations, 

differences between 170 

Bomb release 145, 367 

kinematic condition for 154 

in vertical maneuvers, compensation unit for 352 

two-variable con^ensator for 360, 361 

Bomb trail, correction for 355, 364 

Bombing, from direct approach 145-146 

d ive 345 

from inclined flight path 156-158 

from level-flight approach 153-155, 345 

low altitude 5, 202, 218, 345 

sequence of events in 157 

with vertical acceleration 159 
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time of fall in (see Time of fall) 

toss 346 

in vertical maneuvers 345-369 

exact computer for 368 

purpose of 345-346 

Bombing aircraft, air speed of 172, 173 

vertical acceleration of 158 

Bombing equipment, AN/APG-4 (see AN/APG-4 
bombing equipment) 

Bombing errors 209, 346 

Bombs, air resistance on, effect of 172 

Breit , G 3 

C 

C-141A/APG 214, 217, 218, 249, 287, 289 

Calibration 214, 260 

delay-path length for, choice of 301 

methods of 298-320 

range 298-310 

self-, in range 380-383 

speed (see Speed calibration) 

time -del ay method of 300-304 

Calibration procedures, overall 316-320 

Calibrator. TS-51/APG-4 316, 317 

TS-250/APN 307-309 

Calibrator oscillation 307, 308 

Cam, solid * 353, 354, 357 

design of 358 

three-dimensional 350, 351 

Cam shaft 354 

Capacitor, counter (see Counter capacitor) 

modulating, coaxial-cylinder 53 

coaxial cylindrical electrodes of 52 

parallel-plate 52 

rotary 50-51, 371 

modulation frequency of 51 

smoothing, 98-99 

tuning 

vibrating 51-54, 371 
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Cardan axis 235 

Carrier Control of Approach (OCA) 271, 272 

Cathode follower 94-96, 296 

counter -linearizing 133 

linearizing 117 

Cathode- follower voltage 260 

Cathode -ray oscilloscope 131, 298 

Cathode -res is tor tap 115 

Cavity, bath-tub 41 

rectangular -par allelopiped 70 

resonant, distributed-constant 70 

magnetron with 60 

CCA (see Carrier Control of Approach) 

Circuit, differentiating 127 

integrating 127, 128 

Circuit notation 141-143 

Collision 175-178 

Qxnparator circuit 227 

Comparator output 229 

Comparator -output signal, in AN ZAP G -6 230 

Compensation units (see SA-9A/APG-4; SA-28/APG) 

Compensator, two-variable 358 

Coiiqxjter, two-variable 357 

Computer -power unit, circuit changes in 274 

Conductance, of frequency modulator 61 

Control con^arators, definition of 196 

Control -contact segments in gyro stabilizer 240 

Control unit for radar bomb release 217 

Controls, automatic 335-337 
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of 124 

cycle-rate (see Cycle-rate counter) 

downsweep 121 
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negative output 96, 114, 204 

non-linear 92-93 

output characteristic of .’ 93 
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frequency measurement with 97 
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positive, during upsweep 

positive output 

range 

speed (see Speed counter) 

speed calibration of 

switched 

range sensitivity of 

unsymnet rical 

upsweep 

Counter action, 

effect of noise on 

Counter blurking circuit 

Counter capacitor 

charging of 

Counter circuits 

Counter- load resistor, accurate . 

Counter output , averaged 

effect of fading on 
and radar output, 

variation of, with range .... 

utilization of 

Counter -output level 

Counter range sensitivity, 

accuracy of 

Counter speed sensitivity, 

accuracy of 

Counter switching 

Counting, double- frequency 

quadruple -frequency 

single- frequency 

triple- frequency 

Counts, extra 

due to fixed error 

Coupling, capacitive, 

of delay- line elements 

feed-through, between antennas 

indirect 

CP-20 /APG- 17 computer power unit 

Cross coupling 

Cross -coup ling paths 


117 

.... 115, 204 
254, 318, 319 

310-311 

113-127 

310 

120 

121 


126 

123, 224 

100, 101, 119, 120 

132 

140 

265 

106, 112 

292 


... 105 
131-141 
... 127 

... 140 


140 

120 , 121 

109 

109 

109 

109 

119, 120, 214, 267 
120 


302 

45 

46 

249 

45, 375, 376, 378-380 
376 
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Crystal rectifier, 1N21 80 

cycle- rate counter, averaging 90-113 

basic 90 

electronic 92 

Cyclotron frequency, of electron stream, 

resonating of 70 

Cyclotron frequency 66, 67 

D 

Dead space of servo 136, 137 

Delay calibration, radar output wave form 

with frequency markers for 304 

Delay line, artificial, filter element of 302 

TS-59/APN-1 303 

Delay path, use of i^ase shifter with 312 

Delay-path length for calibration, choice of 301 

Detector, balanced 73-77, 194, 370, 374 

circuit diagram of 74, 75 

Diaphragm, modulator, as capacitor element 52 

deformation of 54 

displacement of 54 

driving force on 55 

reversal of 121 

stiffness of 53 

Differentials, action of 196 

Differentiating circuit 341 

Diode, crystal size 81 

“light-house”, as modulator 63 

Dipole, low-reactance half-wave 39 

Dipole antenna 40 

Dipole array, in parabolic- cylinder reflector 42 

two-, in paraboloidal reflector 43 

Dipole -parabola systems * 42 

Direct approach 144-146 

bombing from 145-146 

geometry of 145 

range-speed relation for 146 

Discriminator 127 
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Discriminator circuit, for frequency measurement 128 

Discriminator-voltmeter, blanked 129 

switched 129 

Displacement of standard curve, use of 167 

Distance, determination of 6-7 

as time delay 6 

Doppler effect, definition of 8 

equivalent of 14, 312 

of moving receiver 8 

of moving transmitter 7 

for radar 9 

Doppler frequency shift 10, 278, 282, 339, 370, 418 

Downsweep of modulation cycle 20, 115 

Downsweep beat frequency 20 , 339, 340 

Driving force, on modulator diaphragpi 55 

E 

Echo signal, phase lag of 110 

Echo-signal vector, oscillation of 110 

Echo sounding 3 

Echoes, unwanted * 47 

Echoing area, effective 30 

Electrode, coaxial cylindrical, of modulating capacitor .52 

cylindrical, moving 51 

flat disc, adjustable 51 

Electromagnetic- wave propagation, speed of 6 

Electromagnetic waves, pattern of 11 

Electron beam, intensity-modulated, behavior of 69-70 

synchronous 67 

Electron stream 63 

cyclotron frequency of, effect of resonating 70 

Electron velocity, phase of 67 

Electronic impedance control 66 

Elevator airfoils 196 

Elevator motion 199 

Ehergy- reflection coef ficient 33 

Error, fixed (see Fixed error) 

mushing 195 
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F 

Fading 291 

effect of, on counter output 292 

(See also Anti -fading accessory) 

Feed back, vacuum tubes with, as variable reactances ... 59 
Feed-back methods, 

for measurement of vertical speed 342-344 

Feed-back network, twin-T 279 

Feed-back paths, in altitude-control system 197, 198 

Feed through 35, 45, 376, 415 

cancellation of 46-47 

direct 46 

indirect 46 

Feed-through coupling • . . 45 

Feed-through signal due to direct radiation 46 

Filter, band pass, as delay element 301 

side band 79-81 

tuning of 279, 280 

Filter capacitor, relay tube 288 

Fixed error 26-27, 104-113, 125, 128, 129 

cause of 113 

due to radio- frequency phase change 26 

extra counts due to 120 

occurrence of, with flat amplifier 112 

of radar- indicator system Ill 

Flight altitude, automatic control of, 

by radar altimeter, block diagram of 197 

Flight control, automatic (See Automatic flight control) 

Flip-flop circuit 306 

Follower, cathode (see Cathode follower) 

spherical, development of cam for 354 

Fourier analysis 15, 18 

Fourier components, constant frequency ••••••••••••••••• 11 

Frahm reed frequency meter • . • 392 

resonant- reed assembly of • • • • • • 131 

Frequency, doansweep, for triangular modulation 19 

upsweep, for triangular modulation 19, 20 
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Frequency beat method of range calibration, 

multiple 304-309 

variable 298-300. 303 

Frequency control, automatic (see Automatic 
frequency control) 

F-ra radar 3 , 4 I 5 

for aircraft altimeters 5 

4000 -megacycle, experimental, circuit diagram of •••• 373 

special characteristics of 4 

systems related to 386-388 

uses of • • ^ 5 

F-m radar data, apparatus for utilization of 90-143 

requiremnnts for 90 

F-m radar equipment, operation of, 

at 4000 megacycles • * 369-380 


with signal- following superheterodyne receiver, 

good signal/noise ratio in, measures for ensuring 379*380 


F-m radar search systems (see Search systems) 

F-m radar system, general purpose 383-386 

radio apparatus for •.••••••••••••••••••••••••••••• 39-89 

single target 185-283 

Frequency modulation, effect of beam resonance on ••...• 72 

of magnetron oscillator 59, 65, 372 

periodic 15-29, 394 

sinusoidal • • • 23 

square wave 23 

symmetrical sawtooth (see Triangular modulation) 

of transmitter 227, 387 

using coupled circuit, characteristics of 62 


(See also Modulation) 

Frequency -selective circuits 127-131 

Frequency -shift characteristics of 

auxi liary-beam magnetrons 72, 73 

Frequency variation, received 19 

transmi tted IS 

FuG-101 radar altimeter 51 


G 


Gain control, automatic (see Automatic gain control) 
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Gain- frequency characteristics of 

beat- frequency amplifier 85 

Galvanometer, series connection with capacitor 340 

Gear ratios, use of to introduce scale factors 353 

Ghost targets 81 

Glide path 326-328 

block diagram of 327 

Ground clutter 35 

Ground reflection, effect of 32-34 

Gyro-servo motor • 240 

Gyro stabilizer 235, 242 

MX-247/APG 224, 237 

operation of AN/APG-6 with 239 

Gyro steering, fixed -heading 242 

H 

Heading, of aircraft 196 

Heterodyne wave analyzer 131, 402 

Homing approach 176, 218, 219, 238, 239, 241-243 

Hunting, servo 136, 137 

I 

ID-14/APN-1 milliammeter indicator 190 

I-f an^lifiers, delay differences between 378 

selective, equivalent electrical length of 377 

I-f signal 82, 83 

Inpedance, magnetron load 65 

Impedance control, electronic 66 

Indication 392 

A- scope 395, 402 

meter 131-133 

radar 131 

Indicator, multiple gate 130 

Pilot Director (see Pilot-Director Indicator) 

single gate, scanning 130 

Indicator-servo shaft, remote indication from 277 
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L 

Landing Signal Officer (LSO), control 272 

Launching line, effective 163, 164 

'Level- flight approach 146-155 

bombing from 153-155 

geometry of . 147 

kinematics of 146-153 

slant range-slant speed relations for 148 

Limit- indicator lamps 189, 191, 278 

Limit relays 133-135 

Limiter, double, noise -reducing 204 

integrating double, operation of 103 

wave forms in 103 

precision 102 

switching 124 

Limiter circuits 99-103 

Limiter input circuits 102 

Limiter tube, 6SH7, maximum output from 132 

Line stretcher 379 

Load, resistive 72, 129 

resonant 129 

Loran system of navigation 387 

LSO (see Landing Signal Officer) 

M 

Magic Tee wave-guide circuits, balanced detectors using. 77 
Magic Tee wave-guide coupler, for antenna duplexing .... 43 

Magnetron oscillators 49-50 

continuous wave, 12 cavity 49 

with coupled resonant cavity 60 

frequency -modulated 70, 72, 422 

multicavity, continuous wave, vane type 371 

Magnetron frequency modulation, by variation of 

external coupled circuits 65 

Magnetron load, variations in 64 

Magnetron- load impedance 65 
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Magnetron oscillator, external frequency modulation of, 

equivalent circuit for 60 

frequency modulation of 65 

Magnetron -output frequency • • . • 64 

Matched -impedance load, power delivered to by antenna •• 31 
Maxwell's equations, analysis by solution of •••••••.••• 70 

Memory circuits, short-time 234, 294 

Memory discharge, uniform, fixed rate of 293, 294 

Meter indication, of counter output 131-133 

Millianneter indicator ID-14/APN-1 190 

Missile launching, effect of motion in azimuth on 178 

Missiles, motion of 144-181 

Modulating signal for range search, 

circuit for forming of 427 

production of 426-432 

Modulation, propeller, reduction of 278-281 

square wave 23-24 

triangular (see Triangular modulation) 

unsynmetrical sawtooth • . • • 22 

Modulation -control circuit for altitude 

compensation of AN/APG - 17A(XN), ••••••••••#•••••••• 269 

Modulation frequency, of rotary capacitor 51 

Modulation product of transmission 21 

Modulation sweep, adjustment of 303 

Modulation switch, phasing of 225 

Modulator diat^ragm . 52 

Modulator -driving circuit 56 

Modulators 50-73 

electronic 59-65 

requirements for 59 

overall sensitivity of 53 

parallel-plate, production, typical values for 54 

vibrating 54 

driving of 54 

properties of 54 

Motion, in azimuth 175-179 

Mounting, in-line, of antennas 45 

Moving Target Indication (MTI) 420-421 

Multiple-target indication, properties of 

beat- frequency anplifier for...... 86 
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Multiple-target systems 391-437 

general characteristics of 391-394 

Multivibrators, synchronized, as modulation generator . 422 

Mushing error 195 

MX-247/APG(XN) stabilizer 2 24. 237 

N 

Navigation, success i ve- approx iiriat ion method of 178 

Navigation approach 176, 238, 241 

Navigation ratio 178, 239, 241, 242 

unity (see Homing approach) 

Noise 34, 102-103, 126, 210, 373-374 

effect of, on counter action 126 

excess • • . 50 

hi ^-frequency 194, 291 

microphonic 35 

pulse 374 

shot 36 

thermal 291 

Noise band width 35, 411 

Noise factor 34 

Noise-integrating double limiter 293 

Noise limitation, on radar range 34, 410-414 

Noise- threshold voltage 50 

O 

1N21 crystal rectifier 80 

Oscillation frequency 61, 64, 65 

control of 65 

Oscillator, counter calibration by 309, 310 

magnetron (see Magnetron oscillator) 

pulsed, phase modulation of 308 

push-pull, lower- frequency 49 

single-ended 49 

transit time, Barkhausen 59 

transmitting (see Transmitting oscillator) 
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Oscillator switching, for speed calibration ••••••• 310-311 

Oscilloscope, cathode ray, as radar indicator 131 

use of, for calibration 303 

Ojtput wave form 16-18 

Oxide coating, placing of 50 

P 

Pass -band width 86 

Path lengths 32, 377 

PD I (see Pi lot -Director Indicator) 

Pentode tube, 6SH7, characteristics of 100 

Phase jumps, in beat-note signal 19, 27 

of resultant-signal amplitude variation 18 

at oscillator switching • 311 

Riase lag 121, 129 

of echo signal 110 

at turn around 121 

Phase modulation of pulsed oscillator 308 

Phase shifter, continuous, for radio frequencies, 

operation of 313 

for speed calibration 320 

Pilot-Director Indicator 219, 237-243 

Pilot-warning accessory for AN/APG-4 286 

Pips, calibrating procedures using 299 , 303 

Pitch of aircraft, definition of 195-196 

Pitch attitude of aircraft 199 

definition of 196 

Plate voltage, varying 101 

Polarization, minimum vertical, antenna mounting for ••• 47 
wave • • • . • • 43 

Potentiometer 235, 236 

for corrections 333 

follow-i^ 241, 249, 277 

motor-driven 345 

winding of . • . • • • • 277 

Power gain G of antenna 29 

Power loss, in magnetron 72 

Process 235, 236 
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Profiles, cam 357 

Propeller modulation 282 

reduction of 278-281 

Rilse, beat frequency 399 

Pulse interference, range limitation by 415 

Pulse modulation, negative 306 

positive 306 

Pulse noise 374 

Pulse radar 3, 416 

target resolution in 28 

Pulse-radar perfonnance factors 395-397 

Pulse-radar systems, and f-m search systems, 

comparison of 391-393 

Rjlse-repeti tion frequency 308, 397 

Q 

Quasi-steady properties, departures from 24-26 

Quasi-steady state 11, 12, 23 

R 

Radar, frequency -modulated (see F-m radar) 

Radar altimeter AN/APN-1 (see AN/APN-1 altimeter) 

Radar Equat ion • • 34 

Radar indication 131 

Radar output 104-105 

and counter output, variation of, with range .... 105 

frequency variation of 115 

Radar system, AN/APG -6 (see AN/APG -6 radar system) 
|aN/APG- 17 (see AN/APG-17 radar system) 

AN/SPN-2 (see AN/SPN-2 radar system) 

Radiation, direct, feed-through signal due to ...... 46 

downward 46 

Radiator, horn-and-lens 43 

for simultaneous transmission and reception, 

with polarisation duplexing 43 

Radiator area, effective 29-30 
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Radio apparatus for frequency -modulated 

radar systems • • • • 39-89 

Radio -frequency phase change, fixed error due to 26 

Range, limiting factors of 35, 414-416 

maximun 4 

noise limitation on 34, 410-414 


residual (see Residual range) 

self -calibration in 380-383 

working 29-36 

Range-beat frequency 84, 85, 272, 331, 384 

change in, fixed error due to Ill 

Range calibration 298-310 

Range counter, calibration of, in AN/APG-17A •••• 318, 319 

Range-counter calibration 309-310 

Range-counter sensitivity 96 

constant 264 

Range frequency, with triangular modulation ,••.••••• 20-21 

and speed frequency 117 

Range indication, relays for 134-135 

Range resolution 4, 395 

multiple target 27 

Range search, frequency-modulation wave form for 428 

modulating signal for (see Modulating signal for 
range search) 

Range sensitivity, 

radar 20-21, 140, 263, 298, 365, 366, 393 

accuracy of 140 

calibration of 310 

control of 58 

slant, overall, correction for 332 

Range servo, sin 9 >le 136, 139 

smooth acting 138 

Range-speed relation, for direct approach 146 

in level -flight rocket firing 165 

Range, systems, comparison of 410-418 

operating conditions for 410 

Range warning 288, 290 

Ranging radar, self -calibrating 381 

RE-17/APG accessory unit 214, 216, 218, 249 

Reactance tube 63 
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Receiver output 105 

variation of I 5 

Receiving equipment 73-84 

Reflection, from moving target 18-19 

from stationary target 15 

Reflectors, parabolic 45 ^ 422 

Reflex klystron 59 , 371 

Reflex-klystron local oscillator 372 

Relay, product -comparing 355 

for range indication 134-135 

weapon selector 259 

Relay operation, circuit for 134 

Relay tube I 34 

Release-compensation unit, two-variable 351 

Release range I 45 

Release relay 217, 286 

Release-warning accessory 285-291 

Residual range 153, 154, 214 

correction for 335 

Resistor, counter-load, return bias 118 

Resonant cavity, distributed constant, analysis of •••• 70 

magnetron with 60 

Resultant -signal amplitude, variation of 17 

phase junps of 18 

Rocket, V-2, relative speed of 9 

Rocket approximations and bomb approximations, 

di f ferences between • • 170 

Rocket firing 252, 262 

audio characteristics for, factors determining 268 

level flight 163-170 

approximation for 169 

geometry of 163 

range-speed relation in • • 165 

vertical acceleration in 169 

range only 322 -323 

Rocket-firing equipment, AN/APG-17A (see AN/APG-17A 
rocket- fi ring equipment ) 

Rocket- firing range, air speed on, effect of 165 

altitude on, effect of 166, 167 

Rocket launchers, angle of attack of 164 

Rocket sighting 173-175, 323-326 

Rockets, time of flight of 171 
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Roll of aircraft, definition of 196 

Roll and pitch 241 

RT-7/APN-1 transmitter- receiver unit 189, 215 

RT.27/APG-4 207. 210, 215 

RT-98/APG-17 radar transmit ter- receiver unit •••• 246 , 349 

circuit diagram of 246-247 

Rudder airfoils 196 


S 


SA-l/ARN-1 altitude-setting voltage divider 191, 218 

SA-9A/APG-4 compensation unit 217, 218, 317 

SA-28/APG conqpensation 

unit 214-219, 232, 237, 249, 317, 346 

pi lot -warning accessory for 286 

Scale factors, sensitivities as 140 

Scale reading of ballistic-correction adjustment 271 

Scanning, azimuth • 432 , 433 

directional 391, 394 

range • 392 , 402 

Screen voltage, varying, effect on plate 101 

Screw thread, as cam drive 353 

Sea return 35, 47, 282, 416 

Search systems, AN/APQ-19 (see AN/APQ-19 search system) 

classification of 393 

multiple channel 397-402 

parameters of 394-410 

performance of 394-410 

and pulse- radar systems, conparison of 391-393 

single channel 417 

with variable tuning 402-405 

with variable sweep duration 407-410 

with variable sweep width 405-407 

Searchligbting 394, 402 

Selectors, time required to respond 394 

Septum, antennas separated by • • 375 

Servo, indicator 275, 278 

output shaft of 215 

target tracking 240-242 
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time of fall 360, 362 

vibrating I37 

Servo hunting 136, I37 

Servo mechanism, control of variables by 135 

Servo systems 135-139 

Servo vibration 275 

Shaft torque, in. product -comparing relay 365-366 

Short-time memory circuits 234, 294 

Shot noise 36 

Shunt capacitance, amplifier gain cut by 85 

Sighting angle 173. 174 

Signal, cusped 107, 108 

double-cupped 108 

intermediate frequency (see I-f signal) 

low f requency 80 

Signal level, effect of 125-127 

Signal -to-noise ratio 4, 85, 126, 231, 414, 417 

Signal phase 120 

Signal strength on target 29-30 

Signal -strength variations, reduction of 84 

6SH7 limiter tube 132 

6917 pentode tube, characteristics of 100 

Slant range, dependence of, on slant speed 148 

Slant range -slant speed relation, 

in toss or dive bombing 158 

for level fli^^t 148 

Slot antenna 40 

Smearing, beat wave form 306, 307 

Smoothing, effect of 98-99 

time lag due to 153 

Sniffer 202 

(Also see AN/APG-4) 

Spectrum analyzer 5, 392 

Speed, closing 1^9 

continuous -wave measurement of • • 386 

determination of 7-10 

effects of 418-421 

of electromagjietic-wave propagation 6 

of radar, elimination of 419-420 

target ^ 
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vertical* approximation for 161-163 

effect of* on time of fall 161-163 

measurement of 339-345 

Speed-beat frequency 23* 24, 272 

Speed calibration 310-315 

continuous phase shifter for 320 

of counters 310, 311 

Speed counter 113-117* 319 

negative-output 115* 116 

and range counter, combination of 117, 118 

wave form of output from 116 

Speed*counter sensitivity h\ 116* 117 

Speed frequency and range frequency •••••• 19, 20, 118, 141 

Speed frequency /a * 10 

Speed measurement, problem in 385 

Speed sensitivity, radar 21-22 

accuracy of 140 

Speed signal, radar, simulation of 312-315 

Square wave, time derivative of 56 

time integral of 56 

Square-wave input signal 

to counter • . • 127 

Stabilizer* gyro (see Gyro stabilizer) 

Standing-wave pattern 11 

deformation of 12 

for signal of variable frequency 13 

Superheterodyne* side band 77-81 

block diagram of 78 

signal-following 81-84 

block diagram of 82 

f requenci es in • • • 83 

Superheterodyne receiver, use of klystron in 59 

side band* operation of * 220 

signal following 370 

4000 -megacycle system with 380 

Super-Sniffer 218 

giso see AN/APG-6(XN^ 

Sweep- compression circuit 227 

automatic 232-233 

Sweep linearity 250 
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Sweep wave length^^^ 28, 104 

Sweep width 28 , 286 , 299 , 372 , 406 , 431 

transmitter 231-232 

Sweep-width compression * 234 

Sweep-width compressor circuit, operation of 234 

Switch, antenna 225 

modulation 225, 250 

weapon-selector 259, 262 

Switching 120 

antenna 225, 227-229 

counter 120, 121 

dissymetry of 122, 123 

mechanical 91 

oscillator 310-311 

phase jumps at 311 

stability of 125 

symmetry of 125 

Switching limiters 124 

Switching symmetry, stability of 123 

Switching voltages for blanked counter, 

development of 124 

Synchro transformer, use in auto pilot 199 


T 


Tachometer, use of, as differentiator 343 

Target, ghost 81 

moving, reflection from 18-19 

multiple, apparatus for indicating 86-87, 130-131 

range values for 130 

radar center of gravity of 209 

signal strength on 29 

stationary, reflection from 10 

Target air speed 171, 277 

changes in 172 

Target area 30 

Target azimuth 238 


Target indication, moving (see Moving Target Indication) 

multiple-, properties of beat- frequency 
amplifier for 


86-87 
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Target-indicator lamp 258, 262. 296 

Target motion, effect of 10 

relative 23 

Target range, zero 12 

Target resolution, multiple 27 

in pulse radar 28 

Target speed 4 

Target systems, multiple (see Multiple-target systems) 

single 84-86 

developmental 322-390 

f-m radar 185-284 

Target tracking 328-339 

Target -tracking servo 240-242 

Thermal agitation 36 

Tilt axis 235, 236 

Time of fall .. 145, 153, 157, 159, 160, 348, 350, 359, 363 

vertical speed on, effect of 161-163 

Time -of -fall servo 360 , 362 

Time to target 145. 149, 153, 330, 337, 338, 366. 367 

Time -correct ion factor 333 

Time delay, distance as 6 

effect of, on signal of variable frequency .•••••••.. 6-7 

Time-delay method of calibration 300-304 

Time derivative, of square wave 56 

Time lag 157 , 342 . 343 . 360 , 367 

due to smoothing 99, 153 

thermal 166 

Time tracker, with altitude correction, 

block diagram of • 334 

basic 329-332 

block diagram of 331 

Time tracking, si ant -corrected 333 

Time warning 286-288, 290 

Tracker, long-time memory 329 

Trail, values of 172, 173 

Trail approximation 355-356 

Transmitter, frequency modulation of 220, 227, 387 

Transmit ter -receiver unit 218, 273 

RT-7/APN-1 189, 215 

RT-27/APG-4 215 
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RT-98/APG.17 246. 349 

Transmit ting-antenna system 224 

Transmitting oscillators 47-50 

frequency modulation of 371 

Travel-time delay 154 

Triangular modulation 15 

limits of frequency sweep in 24 

radar range frequency with 20-21 

upsweep frequency for 20 

wave form of 54 

Triodes. as transmi tting osci Haters 47-49 

ligjithouse, 2C43 48. 247 

TS-IO/APN calibrating units 301. 310 

TS-51/APG-4 calibrator 316. 317 

TS-59/APN-1 artificial delay line 303. 310 

TS-250/APN calibrator 307-309 

Turn around, condition at 24-26 

phase lag at 121 

Turn-around points 16 

Tuve . M. A. • • • 3 

2C43 lighthouse triodes 48. 247 

U 

Upsweep 115-117 

of triangular modulation ••««•••••••.•••••••••••• 19. 20 

Upsweep beat frequency 339, 340 

V 

V-2 rocket, speed of ^ 

Vacuum tidbes with feed back, as frequency control 59 

Variables, control of, by servo mechanism 135 

Vector diagram, for signal of variable frequency 13 

Vector representat ion 12 

Vectors, electrical 

Voltage divider 206, 327 

altitude-setting, SA-l/ARN-1 191 • 218 
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Voltmeter, vacuum tube, peak reading 128, 129 

Voltmeter rectifiers, grid-controlled 128, 129 

W 

Warning methods, comparison of 289-291 

Wave analyzer 4, 87 

heterodyne 131 

Wave form, of curve 55 

driving 56 

in integrating double limiter 103 

output 16-18 

of output from speed counter 116 

of symmetrical -sawtooth modulation 54 

of voltage 55 

Wave -guide circuits. Magic Tee 77 

Wave -guide coupler. Magic Tee ••••••••••••••••••••••••• 43 

Wave lengths 29, 31 

Wave polarization •••••••••«••••••*•••••••••••••••••••• 43 

Wind -over- carrier knob 277, 280 

Y 

Yagi antenna arrays 41, 42 , 45 , 202, 203 , 224, 226 

two-layer 42 

Yaw 238, 239, 241 

definition of 196 

Z 


Zero target range 
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